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ABSTRACT
Geopolymers are a class of amorphous, aluminosilicate-based binders proposed as an
alternative to the cement binders used commonly in the construction industry. One of the
main advantages of using geopolymer concrete is the fact that waste materials like fly ash
are used as precursors for its production. Therefore, minimal CO2 emissions (a greenhouse
gas) are associated with the preparation of geopolymer precursors. In comparison, cement
production is accompanied with CO2 formation as a by-product, and therefore, geopolymers
are believed to be more environment-friendly than cement binders. Despite such benefits,
the use of geopolymers in the construction industry is limited due to reasons such as a
lack of understanding of geopolymer chemistry. In addition, chemical admixtures used in
conventional concrete are not applicable to geopolymers due to differences in chemistry of
the two binder materials. Understanding nucleation kinetics in cement binders have led to
the development of different admixtures such as accelerators and retarders and it is believed
that a clear picture of the nucleation step in geopolymer formation will aid the development
of admixtures. Consequently, an increased application of geopolymers in the industry is
expected.
Therefore, the objective of this research was to prove and study the nucleation step
in metakaolin-sodium hydroxide (MK-NaOH) geopolymer formation. The objective was
accomplished by adding silica, titania, synthesized zeolite A and zeolite X nanopowders
as external seeds in MK-NaOH geopolymers. Isothermal calorimetry revealed that the
addition of these nanoparticles accelerated the rate of heat evolution from metakaolin-sodium
hydroxide (MK-NaOH) geopolymers at early age (≤24h). This observation provided
indirect evidence of a nucleation step existing in geopolymer formation. This hypothesis
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was subsequently validated by studying the effects of external seeding on a synthesized
aluminosilicate-sodium hydroxide (AlSi-NaOH) geopolymer. Fourier transform infrared
spectroscopy (FTIR) revealed that the AlSi-NaOH geopolymer forms two products - one
similar to MK-NaOH geopolymer product and the other being a silica rich geopolymer
product. Adding zeolite X to the AlSi-NaOH binders promoted formation of the MK-NaOH
geopolymer product over the silica-rich geopolymer, which proved that zeolite X serves
as a nucleation seed for MK-NaOH binders. External seeding in MK-NaOH geopolymer
was observed to decrease porosity at early age (≤7d) and consequently, improvements in
compressive strength were noted upto 28d for zeolite X seeded mixes, and upto 70d for SiO2
seeded mixes. These observations suggests that external nucleation seeding is a promising
method to control and improve the hardened properties of geopolymers.
A secondary objective was to understand the dissolution of aluminosilicates in
salicylic acid-methanol (SAM) solution. The SAM dissolution is a selective dissolution
technique which has been used previously in our laboratory to remove calcium silicate
hydrates from sodium aluminosilicate geopolymer product. This approach was taken while
assuming that geopolymer-like aluminosilicates are immune to SAM solution, as stated in
literature. However, it was revealed that SAM indeed dissolves sodium aluminosilicates.
The mechanism of dissolution was revealed to be an acid attack on the oxygen atom in
bridged hydroxyl Si−O−Al− groups. The acidity of these groups were observed to be
controlled by aluminum in the next nearest neighbor positions, with Q4(4Al) Si associated
bridged hydroxyl groups being the least acidic. Therefore, salicylic acid selectively attacks
and removes aluminum associated with these sites by forming chelates. Since SAM solution
can dissolve aluminosilicates based on their structure, it should be used with caution as a
selective dissolution technique.
Keywords: Metakaolin-sodium hydroxide, geopolymers, salicylic acid methanol extraction,
nucleation seeding, zeolite X, nano-silica
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Geopolymers, a subset of alkali-activated binders, are typically defined as x-ray
amorphous aluminosilicates containing little or no calcium [1]. These binders are typically
obtained by alkali hydroxide or alkali silicate activation of powdered aluminosilicates such as
Class F (low calcium) fly ash and metakaolin (obtained by calcining kaolinite clay, typically
a pure aluminosilicate material) [1]. Of late, alkali-activated binders have received a lot of
attention from the research community, and the driver behind such interests is primarily
centered around the fact that the cement industry generates carbon dioxide as byproducts
during portland cement production [2]. The problem is exacerbated due to the massive
amounts of cement produced in the world, leading to concrete being ranked as the second
most consumed commodity, only after water [3].
Other drivers for research on alternative binder include different environmental factors
such as natural resource depletion (natural minerals such as limestone and clay are required
for cement production [4]). Such issues are observed especially in small developing countries
with high cement consumption. Likewise, rising costs associated with CO2 release by
industries are imposing economic drivers to establish alkali-activated binder technology.[2]
In addition, attempts to reduce cement consumption through replacement of cement with
supplementary cementitious materials (SCM) may not be a feasible solution for the long
run. Macphee et al., [5] have predicted that if the cement industry wants to reduce the
CO2 emissions to 1990 global levels, concrete production will require a disproportionately
high proportion of SCM over cement (Figure 1.1). Thus, there will not be enough cement
to activate SCM’s and therefore, the use of low CO2 alternative binders are of paramount
importance.
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Figure 1.1: CO2 emissions as a function of SCM and Cement requirements predicted for
2020 while (1) continuing construction trends, (2) allowing for enough SCM to activate all
cement, (3) bringing CO2 levels back to 1990 (adapted from [5])
Similarly, technical studies in alkali-activated binder technology have demonstrated
that this class of materials can favorably compete with, and exceed the performance of
Portland cement concrete in many scenarios (such studies have been reviewed in [6, 7]).
Additional factors in the motivation behind geopolymer research have been well summarized
by Provis et al. [2]. Owing to such drivers, there has been a significant development in
geopolymer technology, as reported from multiple reviews on the subject over time [8–10].
1.1 Objectives
The primary objective of this thesis is the experimental characterization of a
hypothesized nucleation step in low calcium alkali-activated binders (geopolymers). Realizing
this objective would contribute towards understanding the specific mechanisms controlling
the rate of geopolymer product formation. An external nucleation seeding approach similar
to the work by Puligilla [11] on potassium hydroxide and silicate activated Class F fly
ash-slag, was utilized to meet the objective.
Descriptions that exist on the nucleation process mainly identify inert nanomaterials
such as Al2O3, ZnO, ZrO2 as a site on which geopolymer products can form [12, 13]. However,
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no clear description exists on the nuclei which cause the growth of geopolymer products in
un-seeded samples. For example, in tricalcium silicate (C3S) hydration, it has been proven
experimentally that calcium-silicate-hydrate (C-S-H) nuclei need to form for the growth of
C-S-H gel [14]. Therefore, the hydration reaction of cement is an autocatalytic process.
Literature reveals that the growth of geopolymer product is also believed to be
autocatalytic [15, 16]. Rahier et al., [15] conducted experiments using Modulated differential
scanning calorimetry (MDSC) and Dynamic mechanical analysis (DMA) and observed the
reaction rate to increase after the geopolymer pastes started gaining stiffness (higher elastic
modulus values). An increase in the elastic modulus of the geopolymer paste implies that
the liquid phase is solidifying and porosity is decreasing. Therefore, as the porosity keeps
on decreasing it is expected that the species dissolved from metakaolin will face hindrance
to mass transport within the microstructure. Consequently, the reaction rate is expected
to decrease. On the contrary, the reaction rate was observed to increase, and therefore, an
autocatalytic growth mechanism was believed to be a part of geopolymerization.
In another study by Provis and van Deventer, a numerical model containing an
autocatalytic step was used to describe geopolymerization kinetics. A successful fit of their
model to geopolymerization kinetics data provides additional evidence of the presence of
such a step in the geopolymer reaction mechanism. Both these studies are discussed in
detail, within Chapter 2 of this thesis. However, it should be noted that a strong evidence
for an autocatalytic step would be to use the reaction products obtained from geopolymers
as a seed, in the same way as Thomas et al. have demonstrated in their study [14] on C3S
hydration.
Therefore, for the first time, nucleation seeds based on reaction products have been
used in geopolymers (low calcium alkali-activated binders). The geopolymer binder used
for this study was prepared with metakaolin and sodium hydroxide. While low-calcium
geopolymers can be obtained from Class F Fly Ash, metakaolin was chosen for this study
since this yields a geopolymer free of impurities. Metakaolin-alkali hydroxide/silicate
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geopolymers are therefore regarded as one of the simplest chemical systems [17], within
the vast domain of alkali-activated binders. The purity of metakaolin also ensures that
results from characterization techniques can be interpreted relatively easily and any impact
of external nucleation seeds on geopolymerization should be evident.
For this study, three types of seeding agents were used: product based, reactant based
and inert seeds. The product based seeds were synthesized zeolites A and X nanopowders,
both of which have been observed to form in the aged metakaolin-sodium hydroxide
geopolymers prepared in this study. Commerical silicon and aluminum oxide nanoparticles
were also used, since silica and alumina species are known reactants in geopolymer formation.
High surface area titanium oxide (obtained commerically) falls in the category of an inert
seed, as observed from the study by Jayapalan et al. [18]
1.2 Motivation
The use of product and reactant based seeds provides an opportunity to obtain a
better understanding of any nucleation step in geopolymer formation. As mentioned earlier,
such an understanding will add to the current knowledge on geopolymer reaction mechanism;
and this serves as the prime motivation behind this study. Experimental evidence exists in
literature confirming the presence of a nucleation step in geopolymer formation [12, 13], but
only Rees et al., has provided a complete experimental picture of the nucleation step existing
in geopolymerization.
The external seeding approach has also been utilized by Puligilla in medium calcium,
fly ash-slag binders, to explain the effects of silicates in activator solution [11]. While the
effects of silica species in activator solution have been well studied [19–22]), there is a lack
of understanding to as to why are these effects taking place. Therefore, the external seeding
approach used in this study, has the potential to shed new insight about such factors.
User-friendly, practical alkali-activated binders (for large scale field applications)
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involve a precursor based on a combination of class F fly ash and slag [11]. The presence
of slag along with fly ash leads to higher development rates [23], and these binders have
been well studied [11, 24]. Reaction products of these user-friendly binders are known to
be a combination of both calcium silicate/calcium aluminate hydrates (C-S-H/C-A-S-H)1
and sodium/potassium aluminosilicate hydrates (N/K-A-S-H) [24, 25]. Given the fact that
low calcium three-dimensional aluminosilicate gels exist in user friendly binder systems [26]
any improvement in the understanding of geopolymer mechanisms would enable further
advancements in sub-domains such as admixture design, all of which plays a role in bringing
these alternative binders into practice.
1.3 Organization of thesis
The literature reviewed in this thesis (Chapter 2) centers on reaction mechanisms
in geopolymers. Specifically, articles describing the role of silica and alumina in
geopolymerization have been reviewed. Information about nucleation seeding in geopolymers
have been critically reviewed. Data on geopolymerization kinetics as measured through
techniques such as isothermal calorimetry have been included in this chapter. To understand
and explain the consequences of nucleation seeding in binders, external nucleation seeding
in cement binders have been reviewed as well.
Chapter 3 focuses on synthesis and characterization of zeolite nanopowders through
techniques such as x-ray diffraction, rietveld refinement, nuclear magnetic resonance, x-ray
fluorescence and infrared spectroscopy. Other nanopowders, procured commercially, were
characterized as well. Materials and methods are reiterated for every chapter to aid the
reader. Synthesis procedure and subsequent characterization of a powdered aluminosilicate
similar to metakaolin has been described as well. The material was used as a precursor to
the geopolymers synthesized in Chapter 6.
1Cement chemistry notation is used in this thesis; CaO ≡ C, A ≡ Al2O3, S ≡ SiO2, H ≡ H2O, N ≡
Na2O, K ≡ K2O
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Chapter 4 deals with identifying nucleation seeds for the metakaolin-sodium hydroxide
geopolymer. Calorimetry data is presented, and percentages of unreacted metakaolin was
obtained through HCl dissolution for different ages. This chapter utilizes all three types of
seeds (product based, reactant based, and inert), in an attempt to evaluate their potential
as seeding agents for geopolymers. Subsequently, two seeds, zeolite X and nanosilica are
chosen for further study.
Chapter 6 characterizes the consequences of nucleation on kinetics through numerical
models on the calorimetry data obtained in Chapter 4. Backscattered electron microscopy
data is used to quantify porosity in the metakaolin geopolymer samples at 1d and 7d.
Compressive strength measurements have been presented for ages up to 70d, to characterize
any effect of nucleation seeds. X-ray diffraction data is shown (at 28d, 56d and 70d), which
illustrates the effects of seed on zeolite crystallization observed in the metakaolin-sodium
hydroxide geopolymers.
While working on characterizing the geopolymer through selective dissolution studies
performed previously at our laboratory by Puligilla et al. [26], it was discovered that
the salicylic acid-methanol (SAM) dissolution technique affects sodium aluminosilicate
geopolymers, whereas literature reports that SAM solution does not affect aluminosilicates.
Chapter 7 describes the work done to understand the dissolution mechanism of amorphous
and crystalline sodium aluminosilicates in SAM solution.
Chapter 8 sums up the conclusions obtained from this study. Appendices are provided
which describes other experimental attempts in investigating the metakaolin-sodium
hydroxide geopolymerization.
1.4 Terminology
Literature has abundant references to alkali-activated binders, with commonly used
terminologies such as inorganic polymers, alkali-activated binders and geopolymers [27]. As
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mentioned by Provis [27], such wide variations in terminology creates amiguity in the minds
of new researchers. In addition, key findings related to the study do not come out of a
simple keyword search on search engines. Therefore, the terminologies used to describe
the binder system, have been chosen carefully. For example, metakaolin-sodium hydroxide
binders are used as a description, instead of alkali-activated metakaolin. In addition, the
term “geopolymer(s)” are used to refer to low Ca binder systems, which are considered to
be a subset to alkali-activated binders, as shown in Figure 1.2. The metakaolin-sodium
hydroxide binder utilized in this study, is therefore, described as a geopolymer as and when
required.
Figure 1.2: Classification of alkali-activated binders, with increasing gray value denoting




There is no paucity of information with regards to geopolymerization mechanisms
in literature, and it is not possible to review everything in detail. Therefore, this review
only provides a brief description of the main processes in geopolymer formation, which are
considered to be dissolution and polycondensation [8, 16, 28, 29]. Topics such as silica
polymerization have been used to interpret the results obtained in this study, and therefore,
they are described in this chapter. A brief review of nucleation seeding in cement binders is
included to understand the consequences of external seeding in binder materials.
While alkali-activated binder technology has been established from the 1940’s (as
reviewed by Roy [30]), the use of metakaolin as a precursor for alkali-activated binder has
been described by the French scientist Joseph Davidovits within a US Patent [31] in 1982.
Subsequently, further research has been carried out on the structure-property relations in
metakaolin geopolymers by Rahier et al., [15, 32–34]. Basic findings that are well known to
the research community have been described in these articles. It was established that the
geopolymer reaction between metakaolin and alkali-silicate solutions is exothermic through
DSC (Differential Scanning Calorimetry). NMR (Nuclear Magnetic Resonance) spectroscopy
demonstrated that the aluminum and silicon were present in tetrahedral coordination within
the alkali-activated binder. XRD (X-Ray Diffraction) revealed that the aluminosilicate
formed was amorphous.
Currently, there are multiple descriptions of mechanisms involved in
geopolymerization [8, 12, 16]. A summary of the overall processes (Figure 2.1) for
silicate-activated metakaolin has been recently proposed by Chen et al., [28] based on NMR
(Nuclear Magnetic Resonance spectroscopy) studies. The model highlighted in Figure 2.1 is
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based on the mechanism described by Duxson et al. [8]
Figure 2.1: Mechanism of metakaolin geopolymerization, adapted from [28]
2.1 Silica polymerization and growth
Before delving into geopolymer mechanisms, a brief review is presented on silica
polymerization and distribution of silicate species in alkaline solutions. A detailed description
of silica polymerization presented by Iler [35] is reviewed here. In alkaline aqueous solutions,
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dissolved monomeric silica species polymerizes to a gel in a three step process, with
monosilicic acid (Si(OH)4) initially condensing to form colloidal particles (1µm to 1nm in
size [36]). Subsequently, these particles grow and form three-dimensional silica gel networks
or large sols. The process is described in the following steps [35], and is summed up in Figure
2.2.
 Upon exceeding solubility limit of silica in solution (100-200ppm), monosilicic acid
condenses in the absence of solid phase (solid phases can lead to silica precipitation)
to form dimers and oligomers.
 Silicic acid polymerizes to form a maximum of siloxane bonds (Si−O−Si) over terminal
silanol bonds (Si−OH). This preference leads to the formation of cyclic spherical
species, which serve as nuclei for gel growth.
 The smaller cyclic silica species are more soluble than their larger counterparts. Hence
the smaller species perferentially dissolve in solution, and deposit on the larger silica
species (Ostwald Ripening). Therefore, the average size of particles increases with
time, and large sols are formed. Once the average particle size exceeds 5-10nm (for
solutions with pH¿7), the growth of silica sols slow down because the sols exceeding
this size range dissolve slowly.
 Since silica particles are negatively charged in basic media, they do not agglomerate.
The presence of a salt can neutralize the surface charge, causing aggregation and
three-dimensional network formation, as shown in Figure 2.2.
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Figure 2.2: Mechanism of silica polymerization and gelling, adapted from [35]
2.1.1 Silicate speciation in alkaline media
Metakaolin geopolymerization can be achieved through a hydroxide-activated or
silicate-activated route [1]. For silicate-activated geopolymers, it is necessary to obtain an
understanding of silicate species in solution since it has a key impact on geopolymerization, as
discussed in subsequent sections. To describe polymerization of silicate species, Engelhardt’s
Q notation is used throughout this thesis, wherein a Qn silicon center means that it is
connected to “n” silicon atoms through oxygen linkages (4≥n≥0) [37]. Qn(mAl) is used to
denote aluminum substituition, wherein m denotes the number of silicon sites substituted
by aluminum (4≥n≥m<0) [37]. It should be noted that aluminum exists primarily in
tetrahedrally coordinated Al(OH) –4 at high pH values [29, 38] (solutions with pH>12 are
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typical in geopolymerization).
Compositions of any silicate solution can be described through the stochiometry
notation Na2O : xSiO2 : yH2O. x is termed as the silicate modulus, and y controls the
pH of the solution, and both of these parameters control the speciation of silica species in
aqueous solutions. With decreasing silicate modulus (and constant pH), the polymerization
of silica reduces, which means that silicon centers are found with lower Q numbers. In
addition, with increase in pH (constant silica modulus), silica is depolymerized and found
with lower Q numbers [38, 39]. Provis et al., [40] has provided a detailed account of Na and
K-silicate species in aqueous solutions through NMR experiments and modeling work. NMR
spectra of K-silicate solutions with a stochiometry of 1:x:11 is shown in Figure 2.3a. The
distribution of silica centers in Na-silicates with changing modulus (while H2O/Na2O = 11)




Figure 2.3: Silica species in aqueous silicates (a) NMR spectra for K-silicates; (b) Silicate
speciation in Na-silicates
2.2 Mechanism of metakaolin geopolymer formation
As mentioned earlier, the mechanism of metakaolin geopolymerization consists
of two major processes (which occur concurrently) - dissolution and polycondensation
(polymerization). The dissolution step has been identified through analogies to dissolution of
aluminosilicate precursors in zeolite synthesis. Fly ash dissolves in alkaline solutions to yield
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zeolite products, which means that three-dimensional aluminosilicate networks can arise out
of a dissolution process [41, 42]. The mechanism behind dissolution of such materials has also
been studied extensively [41]. Duxson et al., [8] derived additional evidence of a dissolution
step drawing analogies to dissolution steps in aluminosilicate weathering. These observations
provide strong evidence that a dissolution step is involved in the mechanism of geopolymer
formation.
Experimental evidence in geopolymers has been obtained from the DSC studies by
Rahier et al., [15]. It was observed initial rates of reaction (upto ≈25 min) to increase
in metakaolin-sodium silicate geopolymers, when the surface area of metakaolin precursor
increases. This dependance of reaction kinetics on the surface area indicates that reactions
take place on the surface of the metakaolin, and proves the involvement of a dissolution step
in geopolymerization mechanisms. Other studies have also demonstrated the dissolution
of metakaolin and class F fly ash in alkaline media through leaching studies and SEM
(Scanning Electron Microscopy) [29, 43–45]. These studies have established that an increase
in alkalinity of activator solution accelerates the dissolution rate of aluminosilicate precursor.
Silicate and aluminate species in alkaline solution are well known to polymerize
and form amorphous aluminosilicate gels [38, 46]. Such gels are often precursors to the
hydrothermal synthesis of zeolites (crystalline aluminosilicates) [38]. The polymerization
step was validated through solid state 29Si NMR studies on metakaolin geopolymers [32, 47],
which showed the presence of three-dimensional Q4 silicon sites in hardened geopolymer
pastes. Recent ex-situ NMR data by Chen et al. [28] shows a clear picture of dissolution
and polymerization step in metakaolin-sodium silicate geopolymerization. Conclusions from
such NMR data can also be supported through alternative experimental studies utilizing
in-situ ATR-FTIR [12, 13].
A mechanistic model was subsequently proposed for geopolymerization (Figure 2.4),
based off Faimon’s model [48] for weathering of aluminosilicates [16]. Faimon’s model involves
identifying reservoirs of species and the fluxes between the reservoirs, with the assumption
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being that flux of matter out of a reservoir is a function (linear/non-linear) of the quantity of
matter present in the reservoir. This approach is was deemed to be suitable when considering
complex chemical processes, as seen in the case of aluminosilicate weathering which consists
of dissolution-polycondensation steps similar to geopolymerization [48]. Another reason for
choosing the Faimon model to simulate geopolymerization kinetics was the presence of an
autocatalytic step, when aluminosilicate oligomers condense to an amorphous polymer [16].
Such an autocatalytic step is also believed to exist in the metakaolin geopolymerization
process [15], during polycondensation of silicate and aluminate species. Provis and Deventer
altered Faimon’s model to accomodate geopolymer precursors such as fly ash and metakaolin
and considered a higher solution pH in the dissolution of precursors, compared to the
solutions used to study aluminosilicate weathering. A decent fit of the model to the kinetic
data generated through EDXRD [49] demonstrated the suitability of the model in predicting
geopolymerization kinetics (Figure 2.5).
Figure 2.4: Proposed geopolymerization mechanism, modified from Faimon [48], adapted
from [16]
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Figure 2.5: Modified Faimon model fits on EDXRD reaction extent data, for metakaolin
geopolymers with (a) Si/Al = 1, (b) Si/Al = 1.5 and (c) Si/Al = 2, adapted from [16, 49]
2.3 Kinetics of metakaolin geopolymerization
2.3.1 Isothermal and differential scanning calorimetry
Calorimetry techniques have been widely used to quantify reaction kinetics in
metakaolin geopolymers [15, 32, 34, 50–53] since the dissolution and polymerization reaction
have been observed to be exothermic [32, 53]. Studies by Rahier et al. [15] used
MDSC (Modulated Differential Scanning Calorimetry) and DMA (Dynamic Mechanical
Analyzer) simultaneously to correlate changing mechanical properties to chemical reaction
rate. Figure 2.6 shows the correlation between storage modulus, and heat released during
geopolymerization. Setting was characterized by the term “vitrification” which refers to the
start of solid network formation in the geopolymer pastes. The initial rapid reaction rate
(before onset of vitrification) was interpreted as heat released due to metakaolin dissolution
[15]. The peak heat evolution after onset of vitrification was described to be arising from
the polymerization of aluminosilicate species [15, 33].
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Figure 2.6: Correlation between rate of heat evolution vs. storage modulus at 35◦C in
sodium silicate-activated metakaolin geopolymer (adapted from [15]). t◦,vit denotes the
onset of vitrification, characterized by increasing modulus
Since then, multiple studies have confirmed that isothermal rate of heat evolution
in metakaolin geopolymers possess atleast two peak values, correlating to dissolution
and polymerization respectively. 29Si-NMR measurements of T2 relaxation (or spin-spin
relaxation) time in sodium hydroxide-metakaolin geopolymers have shown that the values
decrease drastically till ≈1 hr and then increase with time [29]. This result was interpreted
qualitatively in terms of changes in free water content. A higher free water content would
enable the molecules to have a lower relaxation time. Therefore, the decrease in water content
proves that dissolution process is dominating, followed by polycondensation, which releases
free water. This observation has also been validated in silicate activated metakaolin, through
EPR (Electron Paramagnetic Resonance) spectroscopy [54]. Based on such experimental
evidence and the numerical model presented in Section 2.2, the different steps of metakaolin
geopolymerization have been described in on the basis of rate of heat evolution in isothermal
calorimetry, as shown in Figure 2.7. The assignment of unique regions in Figure 2.7 to
dissolution and polymerization does not imply that the processes occur separately; the
processes dominating within the geopolymerization reaction are marked in the respective
stages I, II and III. Dissolution and polymerization are known to occur simultaneously in
geopolymers.
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Figure 2.7: Different stages of geopolymerization in metakaolin-sodium hydroxide
geopolymers (adapted from [50]). References to notations used in the figure are derived
from Figure 2.4. The additional notations Rpeak,1, Rpeak,2, Tpeak,1, Tpeak,2 will be used to
describe changes to rate of heat evolution upon the addition of seeds in the remainder of
this thesis
2.3.2 Energy Dispersive X-Ray Diffraction (EDXRD)
Provis and van Deventer [49] have studied the early age reaction (till ≈3h) in
metakaolin geopolymers with varying Si/Al ratios through synchrotron EDXRD (Energy
Dispersive X-Ray Diffraction). The reaction progress was quantified with the EDXRD
spectra taken at the beginning and end of the test run. A reaction extent parameter was
defined (x) assuming that each spectrum can be obtained through a linear interpolation
of the first and last spectra, using Eq. 2.1. The estimation of the reaction parameter is
shown through Figure 2.8, and the temporal resolution obtained from this analysis allows
for plotting reaction extent against time, shown in Figure 2.9.
The results from this study demonstrated that increasing the Si/Al ratio in the
geopolymers decrease the extent of reaction. The study hypothesized that pastes with
high Si/Al ratio solidify, therefore reducing the mobility of dissolved species in solution.
Subsequently, a reduced rate of reaction is observed. However, it should be noted that the
study provides no quantification of the “solidification” that has occurred in the binder. It
should be noted that a major drawback of the EDXRD analysis is the fact that reaction
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extent has been quantified relative to the final EDXRD pattern (taken at around 3 hours, as
shown in Figure 2.8a). Therefore, it any changes in kinetics post ≈ 3h cannot be observed
or inferred from this study.
Spectrum(t) = (x)(finalspectrum) + (1− x)(initialspectrum) (2.1)
(a) (b)
Figure 2.8: Estimating reaction extent (x) from EDXRD data (adapted from [49]). (a)
shows the initial and final EDXRD spectra; (b) shows the fit obtained on an intermediate
spectrum, using Eq. 2.1. “x”, i.e. the relative reaction extent is estimated to be 0.628
Figure 2.9: Reaction extent vs. time for K-metakaolin geopolymers, with Si/Al=1 (filled
circles), Si/Al=1.5 (gray circles) and Si/Al=2 (hollow circles); Plot adapted from [49]
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2.3.3 Effect of soluble silica on geopolymerization kinetics
It has also been well established that a silicate-activated metakaolin geopolymer
(with Si/Al ratio between 1.7-2.2) provides an optimum mechanical performance [19–21].
Significant improvement in microstructral homogeneity has been noted (illustrated in
Figure 2.10), which explains the increase in compressive strength of geopolymers with
Si/Al ratio>1.0. This increase in homogeneity has been explained by the “syneresis” or
breakdown of aluminosilicate structures due to reorganization or transformation processes in
the structure. It has been observed that aluminosilicate grouts with lesser SiO2/Na2O ratios
exhibit higher syneresis [55] which explains why the microstructures in low-silica geopolymers
exhibit discrete regions of less porous gel [20]. It should be noted that the aluminosilicate
grouts are dissimilar to geopolymers in the sense that they are diluted with water, and possess
a pH of 12.2. Hence, there is no knowledge or evidence of such a syneresis mechanism existing
in metakaolin geopolymers, especially in the time-scale of a few hours by which the binder
hardens. In addition, the syneresis of aluminosilicate grouts appear to be very low at 1 week,
when compared to 5 years [55]. Therefore, it is hard to be convinced that syneresis is the
reason behind drastic microstructural differences observed in Figure 2.10.
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Figure 2.10: Increase in microstructural homogeneity observed in Na-geopolymers with
increasing Si/Al ratio of a) 1.15, b) 1.4, c) 1.65, d) 1.90, e) 2.15 (adapted from [20])
In terms of kinetics, DSC data has shown that sodium hydroxide activated metakaolin
has a much higher enthalpy of reaction compared to sodium silicate activated metakaolin
[34]. Isothermal calorimetry data has shown that the addition of soluble silica (from an
activator solution modulus of 1.0-1.6) affects the second calorimetry peak1 strongly. The
peak rate of heat evolution (Rpeak,2) is seen to decrease, and the time at which it takes place
(tpeak,2) increases, with increase in silica modulus in activator solution [51]. Both studies
did not provide any explanation for this decrease in reaction rate (or enthalpy) [51]. This
1with reference to Figure 2.7
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reduction in rate of reaction with increasing amounts of silica in activator solution has also
been observed in the EDXRD data collected by Provis and van Deventer [49], and has been
attributed to a reduced mobility of dissolved species in solution. A reduced mobility of species
in silicate activated metakaolin (after hardening) has also been claimed to be the reason due
to which metakaolin geopolymerization slows down [15], but no direct experimental proof
has been presented.
Duxson et al., [20] have provided an explanation of the slow reactivity in silicate
activated binders through the concept of lability (interpreted as mixture of mobility and
reactivity) of aluminosilicate species in solution. In activator solutions with low silica
modulus, most species are silica and alumina monomers, along with a few aluminosilicate
dimers and cylic species [20, 40]. These species have been observed to be more labile than
larger cylic aluminosilicate species [56] that are expected to form in geopolymers prepared
from an activator solution with higher silica modulus [20, 40]. Therefore, geopolymers
activated with high silica modulus activators should have a slow reaction rate.
2.4 Role of silica and alumina species in geopolymerization
Key insights about the role of silica and alumina species in the kinetics of
geopolymerization were obtained through Partial Charge Model (PCM) simulations [57].
The model builds on the concept that metal cations (aluminum and silicon in the case of
geopolymer pastes) in aqueous solutions are solvated with water, due to the dipolar nature
of water molecules. Consequently, in high pH solutions, the H-OH bond is weakened, and
the metal gets hydrolyzed, as shown in Eq. 2.2 [57].
[M(OH2)N]
z+ + hH2O −−→ [M(OH)h(OH2)N−h](z−h)+ + hH3O+ (2.2)
where, h is the hydrolysis ratio, z is charge and N is the coordination number of the cation.
PCM can be used to calculate the hydrolysis ratio for Eq. 2.2 for any given pH. If the
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hydrolysis ratio is calculated, the species involved in geopolymerization can be identified.
The results from the model [57] indicated that the hydrolysis ratio increases with pH for
both silica and aluminate species, and are summarized in Table 2.1. It should be noted that
Faimon’s model, which has been used to model geopolymerization kinetics, also predicts the
release of monomeric alumina and silica species after dissolution [16, 48].
Table 2.1: Silicate and aluminate species predicted from PCM in geopolymer dissolution
(Adapted from [57])









PCM models were also used to predict the polymerization route preferred by the
aforementioned species in Table 2.1. In the alkaline activation of metakaolin, high pH levels
(≥12) are commonplace. Therefore, monomeric [Al(OH)4]−, [SiO(OH)3]− and [SiO2(OH)2]2−
are the species expected to form from dissolution of aluminosilicate precursors. The possible
stable products from the polymerization step [29] are summarized in Table 2.2.
















The results from the model provide vital information for the geopolymerization
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mechanism. The reactants and products in Table 2.2 within rows 2-6 demonstrate that
3-D network formation can take place unhindered upon reaction of [SiO(OH)3]
−, with
monomeric alumina. However, the product [(OH)3Al−O−SiO2(OH)]3− (from the reaction
of [SiO2(OH)2]
2− and alumina, Row 1, Table 2.2) can participate in the polymerization
only through a nucleophilic attack by alumina on the silicon site. The product from silica
species ([SiO2(OH)2]
2−) attacking the Al site is not stable. Therefore, 3-D network formation
cannot take place in through this reaction. This information has important consequences on
geopolymerization; due to this phenomenon, geopolymerization cannot occur at all ranges
of pH. An optimum pH exists, described as follows:
1. Dissolution processes are driven by the pH, with low pH leading to low concentrations of
silica and alumina in solution [29]. Therefore, condensation processes, and subsequently
the geopolymerization reaction is hindered.
2. The initial PCM calculations by Weng et al., [57] demonstrate that high pH leads to
a higher hydrolysis ratio (Table 2.1). Therefore, with increasing pH, ([SiO2(OH)2]
2−)
formation is preferred over [SiO(OH)3]
−. The discussion based on Table 2.2 shows that
([SiO2(OH)2]
2−) will not form a 3-D network, and therefore, condensation processes
are hindered again.
Calorimetry data presented by Weng et al., [29] demonstrates this trend (Figure
2.11), which strengthens the results from the PCM model. Furthermore, NMR data
indicated the presence of free [Al(OH)4]
− till 24h after mixing metakaolin with NaOH
solutions. NMR data also proved that free water was consumed initially, and released as the
geopolymerization reaction proceeds, therefore confirming proving the presence of dissolution
step and condensation-polymerization step.
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Figure 2.11: Calorimetry data demonstrating the presence of an optimum pH for
geopolymerization, adapted from [29]
The release rate of alumina and silica also have consequences in geopolymerization.
Leaching studies have indicated that the dissolution of metakaolin in sodium hydroxide
solutions leads to rapid release of alumina over silica species [29, 45]. The difference in rate
of dissolution is probably because alumina species in aqueous solution impede dissolution
of silica [35] by forming aluminosilicates on silica surfaces. In-situ ATR-FTIR studies have
demonstrated a similar trend, wherein the dissolution of geothermal silica was observed to
slow down upto a period of 16 hours in the presence of soluble alumina over solid amorphous
alumina [58].
The presence ofsoluble silica on the reaction kinetics of geopolymerization has been
studied extensively in a geothermal silica-sodium silicate-sodium aluminate binder. The
silica availability was changed by adjusting the relative proportions of geothermal silica
and sodium silicate. The presence of soluble silica in solution was hypothesized to form
aluminosilicate nuclei for product growth away from geothermal silica particles. Spatially
resolved FTIR analysis supported the analysis by proving higher dissolution of geothermal
silica in samples with soluble silica [59].
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2.5 Nucleation seeding in cement binders
Similar to the case of geopolymers, the specific mechanisms controlling the rate of
portland cement hydration remain unresolved [14]. However, external nucleation seeding
has offered crucial insights in the kinetics of portland cement hydration, as demonstrated by
the addition of C-S-H gel as an external seed for C3S hydration by Thomas et al [14]. The
addition of C-S-H seed eliminated the early induction period observed in cement hydration
(illustrated in Figure 2.12), and the total heat of hydration increased substantially in the first
24h. This observation clearly proved that C-S-H acts as nuclei for further growth of C-S-H;
and therefore, the formation of C-S-H products during cement hydration was concluded to
be autocatalytic. The autocatalytic effect of C-S-H has been applied in the development
of accelerators [60] and understanding different retardation mechanisms in cement hydation
[14, 61]. This study clearly shows the potential of using product based seeds to understand
the complex nucleation-growth processes in C3S hydration.
Figure 2.12: Reaction kinetics of C3S hydration upon external seeding with C-S-H gel
(adapted from [14])
The consequences of nucleation seeding of cement/C3S binders with C-S-H are
summed up in the following points [14]. These outcomes therefore can serve as a useful
point of reference when considering nucleation seeding in alternative binder materials such
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as geopolymers.
 The presence of C-S-H nuclei was observed to be crucial for gel growth. Therefore,
external seeding would reduces or eliminates the induction period due to the presence
of nuclei available for growth
 Reaction kinetics were accelerated at the early age (within the first 12 hours, with
reference to Figure 2.12). This result is well in line with the concept of heterogeneous
nucleation, wherein the energy barrier for the forward reaction is reduced due to the
presence of external surfaces or nuclei for reactions to proceed [62]
 C-S-H formation is greater since the hydration product nucleates at the pore space,
and product growth does not form a diffusion barrier on the surface of C3S grains.
This consequently implies that microstructure is refined, as shown in Figure 2.13.
Figure 2.13: Microstructure refinement due to external nucleation seeding (adapted from
[14])
Based on the insights into C3S hydration by C-S-H addition, the acceleration observed
in the case of silica based additives such as silica fume was also explained. It was observed
that nano SiO2 (or colloidal silica) accelerates the hydration reaction significantly, while silica
fume (with a larger silica particle size) has a slight accelerating effect, as shown in Figure
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2.14 [14]. These observations led to the conclusion that the nucleating surface is not SiO2,
but rather C-S-H forming on the reactive silica surfaces. Therefore, colloidal silica, which is
more reactive and forms more C-S-H, accelerates the C3S hydration more when compared to
silica fume. The explanation of nucleation seeding in the case of SiO2 serves as a useful case
in understanding the effects of adding nanoparticles which can chemically react in a binder
material system having an autocatalytic growth of reaction products.
(a) (b)
Figure 2.14: (a) Effect of silica fume on C3S hydration; (b) Effect of colloidal silica on C3S
hydration; Note: SiO2 flour (crystalline quartz) has no effect on the reaction (Figures
adapted from [14])
Besides product based seeds, inert external seeds such as CaCO3 [63] and TiO2
[18] have also been observed to act as nucleation seeds in portland cement/C3S binders.
Jayapalan et al. [18] have used TiO2 as a seed and observed an increase in the hydration
rate for portland cement pastes. Figure 2.15 illustrates this acceleration and also shows
the induction period was reduced slightly, unlike the case where C-S-H seeding eliminated
the induction period completely (Figure 2.12). The accelerating effect due to seeding
subsequently quantified through numerical modeling (Boundary-Nucleation (BN) model and
the Avrami model) for nucleation processes [18, 64].
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(a) (b)
Figure 2.15: (a) rate of heat evolution with TiO2 addition, reduction in induction period
clearly observed; (b) total heat evolution plots demonstrating increase in the total heat
evolution upon TiO2 seeding, implying more hydration products have formed
(Figures adapted from [18]
Besides TiO2 and CaCO3 nanoparticles, crystalline anlogues of C-S-H, tobermorite
and jennite have also been observed to accelerate cement hydration [65]. The minerals were
added in increasing doses from 0.5% - 10% (by wt. of cement); however, at low dosages
(<4%), the seeding agents were seen to be ineffective. The authors did not provide any
explanation to this observed inefficiency, and has cited the high surface areas of the crystalline
materials (≈200-280 m2/g) to be the reason behind the observed acceleration at high dosages.
Other studies also exist in cement literature pertaining to nucleation seeding, and effects of
adding nanoparticles to cement hydration [66–68] but these studies do not add any new
information to interpreting the effects of nucleation seeding on cement hydration kinetics.
2.6 Nucleation seeding in geopolymers
There exists limited information on external seeding in geopolymers. As described
earlier, the evidence of a nucleation step in the geopolymer mechanism is scarce. Most of
the proof is based on analogies to zeolite material systems and aluminosilicate weathering
processes [12, 16]. However, two experimental reports exist for external nucleation seeding
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in geopolymer binders.
Rees et al., [12] utilized high surface area nano-alumina (BET surface area of 275m2/g)
as a seed in a Class F fly ash-NaOH geopolymer. The addition of a small quantity of
alumina (0.01g, to 80g paste mixture) was seen to accelerate the formation of geopolymer
gel. This acceleration was characterized through in-situ ATR-FTIR, wherein the geopolymer
gel asymmetric stretching band (around 1100cm−1) was seen to form 42h earlier than
the un-seeded sample, as shown in Figure 2.16. Such an acceleration was attributed to
nucleation, since the small amount of added alumina is not going to affect the reaction
chemically or through other mechanisms like sorption of dissolved species from fly ash on
the alumina seeds. Dissolution of alumina was also ruled out, since adding soluble aluminates
in similar quantities did not result in any acceleration. The authors therefore concluded that
a nucleation step is the only possible explanation for the phenomenon observed. In addition
to differences in reaction rate, seeding also promoted the formation of Zeolite F over Zeolite
X, which was seen to form in aged unseeded samples.
Figure 2.16: Elimination of lag period upon seeding Class F Fly ash-NaOH geopolymers
with nano-alumina (adapted from [12])
However, the addition of 0.1g (10 times original amount) of alumina did not lead to
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any further increases in reaction rate, which led to the conclusion that nuclei formation is
not a rate limiting step in the reaction mechanism. This observation, therefore, raises the
question: if nucleation is not a rate limiting step, then why would there be an acceleration in
the first place? In addition, the surface area of seed and particle size of seed was described
in a powder form. There is no mention of the particle size or surface area of nano-alumina in
NaOH solution, where it may form small agglomerates, leading to changes in surface area.
The in-situ FTIR technique, while appearing to be successful, is also slightly questionable.
ATR-FTIR is extremely sensitive owing to the interaction depth being less than 10µm [69]
and therefore, it is not a good descriptor of overall reaction rate. Bulk techniques like
isothermal calorimetry would yield clear confirmation of any acceleration that is observed in
the reaction rate. Lastly, it should be mentioned that there is no direct evidence of nucleation
taking place in fly ash-NaOH binder. Anyhow, the study demonstrates that external seeding
of geopolymers shows promise in understanding the mechanism of geopolymerization, and
that nano-alumina appears to be effective as a nucleation seed.
Another study on external nucleation seeding was carried out on a two-part
geopolymer prepared from geothermal silica and sodium aluminate [13]. Nano ZnO, ZrO2 and
Al2O3 were added as external seeds and in-situ ATR-FTIR was utilized to track differences in
reaction rate. The dosage of seed added was 0.5% wt. of solids, which was higher compared
to the study by Rees et al. [12]. Once again, monitoring peak intensities of the Si-O-T
asymmetric stretching bands demonstrated that the seeds affected the reaction slightly;
dissolution of geothermal silica and geopolymer product growth was seen to be accelerated
through FTIR peak intensity changes with time. No induction period was observed in these
reactions. In addition, a silicon rich phase separated gel was concluded to form upon seeding
with nano ZnO and ZrO2 (indicated by a peak at 1020cm
−1 in Figure 2.17).
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Figure 2.17: In-situ ATR-FTIR data for Geothermal silica-Sodium aluminate geopolymers
(a) unseeded, (b) seeded with Al2O3, (c) seeded with ZnO, (d) seeded with ZrO2 (adapted
from [13])
The addition of seeds also led to microstructural refinement, and consequently, higher
values of compressive strength. EDX analysis indicated that the Si/Al and Na/Al ratios
were significantly different in between seeded and unseeded samples. However, the samples
were not polished flat, and it appeared that a standardless elemental analysis was carried
out. Such analysis can have large errors associated with it, up to the order of 50% [70].
Likewise, the study shares the same drawbacks of utilizing ATR-FTIR only to characterize
reaction kinetics, as discussed earlier. It was also unclear to as to whether the seeds increased
nucleation or growth since the ATR-FTIR method provides no means to distinguish between
the two. The presence of a phase separated gel is also hard to confirm through ATR-FTIR
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spectra alone. While the authors utilized EDX on 28 days aged samples, it would have been
helpful if a similar characterization was done on early age samples to confirm the presence
of the phase separated gels claimed from the early age ATR-FTIR spectra. The spatially
resolved IR spectroscopy does not aid in this providing this information either, since they
were performed at 2 month old samples. In addition, there was no attempt to analyze the
stability of nano-Al2O3 particles in solution by adding equal amounts of soluble aluminate
species. While Rees’s observations were cited for explaining the stability of alumina in
alkaline media, it should be noted that Pourbaix diagrams (pH. vs. Potential) of alumina
clearly demonstrates that alumina has a thermodynamic preference to dissolve at higher pH
values [71].
Besides these two studies on geopolymers, external seeding has also been
demonstrated in alkali-activated slag [72]. Synthesized C-S-H gels were utilized for as a
seeding agent, and isothermal calorimetry results demonstrated signficant acceleration upon
addition of 1% C-S-H seed by weight of the slag. The precipitation of C-S-H is well known
to be an autocatalytic process [14], and C-S-H/C-A-S-H is also the main product upon
the reaction of slag with alkaline activators [26, 73]. External nucleation seeding has also
provided key insights into the role of calcium in fly ash-slag-potassium hydroxide binders
[11]. However, no further discussion is made on this topic since these binders are a high
calcium binders, whereas the main focus of this study is on low-calcium geopolymer binders.
2.7 Conclusions
The literature review extensively describes several phenomenon observed in
geopolymerization and cement hydration, and all the information presented is used in some
form or another in this thesis. However, some of the key points concerning the idea of
nucleation in geopolymers that can be concluded from the review are described as follows.
 It is clear that a general agreement exists in understanding the overall mechanism
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of metakaolin geopolymerization. A two step, solution mediated, dissolution and
condensation process takes place which ultimately leads to the formation of geopolymer
products. The presence of a nucleation step has been indicated through analogies of
zeolite crystallization mechanisms.
 Experimental evidence from in-situ ATR-FTIR and numerical models by Provis have
indicated that there is a nucleation and growth process in the transition of a geopolymer
from a liquid to solid phase. In comparison to cement hydration processes, where C-S-H
has been identified as the nuclei for C-S-H growth, no clear picture of the nucleation
step exists in geopolymer binders. In addition, dissolved silica has been claimed to
provide nucleation sites for geopolymer growth but no explanation has been provided
to the slowdown observed in rate of reaction, upon increased addition of soluble silica
in the activator solution.
 Potential seeds in geopolymer binders include high surface area Al2O3, ZnO and ZrO2
nanoparticles. SiO2 nanopowders has been observed to provide sites for C-S-H product
nucleation in cement binders, which in turn catalyzes the cement hydration reaction.
TiO2 nanopowders have also demonstrated the ability to act as nucleation seeds. All
these nanopartiles (with the exception of ZrO2 have been investigated in this study.
 The importance of studying and understanding nucleation processes can be observed
from the developments in cement binders after C-S-H was revealed as a nucleation seed.
This understanding has been utilized to understand mechanisms of cement hydration
and effects of silica based additives on hydration kinetics. In addition, commercial
accelerators have been developed for concrete construction based on synthesized C-S-H.
Similar progress have been made in understanding the reaction mechanisms of medium
calcium alkali-activated binders through external nucleation seeding.
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Chapter 3
Synthesis and characterization of seeding agents
3.1 Introduction
The purpose of this chapter is to provide the necessary information pertaining to
the synthesis and characterization of the seeding agents used in this study. The zeolite
A and X nanopowders used as seeds were synthesized hydrothermally. Subsequently, they
were characterized through XRD, XRD-Rietveld, FTIR, SEM, DLS, XRF and Nitrogen
adsorption. In addition to these tests, NMR was carried out on Zeolite A, and ESEM was
performed on Zeolite X. Commercial TiO2, SiO2, ZnO and Al2O3 nanopowders (US Research
Nanomaterials) were procured and characterized through DLS and SEM.
3.2 Commercial nanopowders
TiO2, SiO2 and ZnO nanopowders were procured from US Research Nanomaterials.
Particle size and surface area of the nanopowders as provided by the manufacturer (particle
size measured through transmission electron microscopy; surface area was calculated by
using size and density of the powders) is presented in Table 3.1.
Table 3.1: Properties of TiO2, SiO2 and ZnO nanopowders (as specified by manufacturer)
Nanopowder Average Particle Size (nm) Specific surface area (m2/g)
TiO2 5 289
SiO2 15-20 170 to 200
ZnO 18 40 to 70
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3.3 Synthesis of nano-zeolite X and A
The procedures for synthesizing nano-zeolite X [74, 75] and Zeolite A [76] were
adopted from literature. For both the zeolite synthesis procedures, two solutions were
prepared, with one providing silica and the other providing alumina. Fumed silica (Sigma
Aldrich) and sodium aluminate (Sigma Aldrich) were used as sources for silica and alumina,
respectively.
3.3.1 Structure of zeolite A and zeolite X
The structure of Zeolite A has been described in terms of a truncated octahedra
of 24 SiO2 and AlO4 tetrahedra, termed as β-sodalite, which is connected octahedrally by
double 4-membered rings (D4R) [37]. Owing to this arrangement, only Q4(4Al)1 Si sites
are present in the structure. Based on an XRD powder diffraction card of zeolite A (PDF
#97-008-8329), the crystal structure is shown in Figure 3.1.
Figure 3.1: Ball and stick model of synthesized zeolite A, with two β-sodalite cages
connected three dimensionally through the double 4 membered rings
Zeolite X possesses a structure similar to that of Zeolite A, consisting of β-sodalite
cages bound together through double 6-membered rings (D6R), instead of the 4-membered
1Q notation by Engelhardt et al. [37] has been used in this study
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rings. The Si/Al ratio is variable though, ranging between 1.18 and 1.5 [77], which leads to
variability in the distribution of Q4 silicon sites in the zeolite. Ball and stick structure of
Zeolite X (PDF #97-006-5500) is shown in Figure 3.2.
Figure 3.2: Ball and stick model of zeolite X, with two β-sodalite cages connected three
dimensionally through the double 6 membered rings
3.3.2 Synthesis of zeolite X
For the synthesis of Zeolite X, a net solution stochiometry of 5.5 Na2O:1.0 Al2O3:4.0
SiO2:190 H2O has been used. A silicate solution was prepared by stirring 4.96g of fumed
silica and 52.5g nanopure water at 600RPM on an orbital shaker for ≈30min. A sodium
aluminate solution was prepared by stirring 3.28g sodium aluminate, 7.2g NaOH pellets
(Fisher, ≥97% purity) and 14.47g nanopure water with a magnetic stirrer for 30min. Besides
ensuring uniform dissolution, the stirring time of 30min ensures the aluminate solution cools
down to room temperature (reaction of sodium hydroxide pellets with water generates heat).
Both solutions were prepared in polyethylene botles. After stirring, the silicate solution was
transferred to the aluminate solution, and stirring was continued for 24h as per the procedure
in [75]. After 24h, the bottle was transferred to a water bath maintained at a temperature
of ≈70◦C for 48h. This step is a deviation from the reported synthesis procedure [75],
which calls for heating the solution at 60◦C for 96h. However, XRD indicated that the
Zeolite X synthesized through these two procedures were very similar, and the method used
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in this study generates the product faster. After the 48h heating process, the resultant
aluminosilicate liquid (in the form of a viscous white gel) was vacuum filtered through a
Grade 1 Whatman filter paper. The resultant gel on the filter paper is referred to as “wet
seed”. The wet seed was dried at 105◦C to yield Zeolite X powder, which was used for further
characterization tests. The wet seed was characterized through ESEM and FTIR.
3.3.3 Synthesis of zeolite A
For the synthesis of Zeolite A, a net solution stochiometry of 6.0 Na2O:0.55 Al2O3:1.0
SiO2:150 H2O has been used. A silicate solution was prepared by stirring 4.96g of fumed
silica and 100g nanopure water at 600RPM on an orbital shaker for ≈30min. A sodium
aluminate solution was prepared by stirring 7.21g sodium aluminate, 34.88g NaOH pellets
and 108.74g nanopure water with a magnetic stirrer for 30min. Both solutions were prepared
in polyethylene botles. After stirring, the silicate solution was transferred to the aluminate
solution, and stirring was continued for 3h as per the procedure in [76]. After 3h, the bottle
was transferred to a water bath maintained at a temperature of ≈50◦C for 48h. After the
48h heating process, the resultant aluminosilicate liquid (in the form of a viscous gel, similar
to that of Zeolite X) was vacuum filtered through a Grade 1 Whatman filter paper. The
resultant gel on the filter paper was dried at 105◦C to yield Zeolite A powder, which was
then used for further characterization tests.
3.4 Characterization
A Siemens D5000 diffractometer was used in the Bragg-Brentano configuration to
collect powder XRD patterns. The electron gun voltage was maintained at 40kV and emission
current set at 30mA. A single crystal silicon holder was used as it does not contribute to
the background in the XRD patterns. Phase matching for the zeolites was carried out using
MDI Jade Version 9.6. Rietveld refinement for zeolite X was carried out on TOPAS Version
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5.
XRF for the synthesized zeolites and aluminosilicate was carried out on a Shimadzu
EDX-7000 instrument using a Rhodium X-ray source. All samples were measured in a helium
atmosphere, and a fundamental parameter method was used to generate quantitative values
for the elemental composition of samples.
A cold field emission SEM (Hitachi S4700) was used in the secondary electron mode,
to characterize the particle size and morphology of the nanopowders and zeolites. 0.1g of
powders/zeolites was dispersed in 30ml of ethanol, in an ultrasonic bath, and one drop of the
dispersion was placed on a pure carbon film mounted on a 200-mesh TEM Grid (Ted Pella).
Ethanol was allowed to evaporate at room temperature, leaving dispersed nanopowders on
the TEM grid. This method allows for imaging the morphology and size of individual
nanoparticles without any sputter coating. An Environmental SEM (ESEM), FEI Quanta
450, with a field emission source was used to image Zeolite X in the form of wet-seed.
A Malvern Zetasizer Nano ZS was used in this study to determine the particle size
distribution of nanopowders after dispersion in NaOH solution. Particle size detection range
for the instrument lies between 0.3nm and 6µm. The light source was a laser operating at
632.8 nm and scattered light was collected in the backscatter mode, at an angle of 173◦ to
the incident light. Laser position was automatically detected based on trials carried out by
the instrument before measurement. Intensity of light was also adjusted automatically by
an attenuator during these trials, ensuring that the detector is neither under-saturated or
over-saturated. Prior to DLS measurements, the seed was dispersed in sodium hydroxide
solution using a Probe sonicator. The proportion of nanopowder-sodium hydroxide was the
same as that used for preparing seeded MK-NaOH samples. Hydroxide solution was taken
in the mixing cup, with appropriate amount of seed, and sonicated for 10 minutes. To allow
for heat dissipation, the sonicator was operated in a pulsed mode while the sample container
was kept in an ice-water bath. Amplitude of sonication was kept at 30% of the maximum
rated amplitude for the tip used (manufacturer recommends that the level should be kept
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below 40%). Post probe sonication, the solution was equilibrated to 22°C. The solution was
agitated on a benchtop vortex stirrer for 1 minute. Subsequently, around 2-3 ml of solution
was transferred to a disposable plastic cuvette for DLS measurements. The efficacy of the
Zetasizer measurements were first verified on a polystyrene latex standard of known particle
size distribution. Viscosity of the sodium hydroxide solution was taken to be 21.95 mPa-s,
based on technical data available [78].
Infrared spectra of the zeolites and aluminosilicates were collected on a Perkin Elmer
Frontier Spectrometer. An Attenuated Total Reflectance (ATR) attachment with a diamond
crystal was used for the measurements. An average of 8 scans were taken for each spectra,
with a resolution of 4cm−1.
Nitrogen adsorption was carried out on a Micromeritics ASAP2020 instrument to
measure the BET surface area of zeolites. The samples were pre-degassed at 150◦C for 24h
and at 300◦C for 3h, both under a vacuum pressure of 30mm Hg.
29Si NMR spectra2 were collected on Zeolite A using a Varian Inova Spectrometer
operating at 7.04T. A 90◦ pulse, with a width of 2.5µs was used. Recycle delay was kept at
30s and 2048 scans were measured for each spectrum. Peak deconvolution was carried out
using MNova v11.0.1 (Mestrelab Research S.L.).
3.5 Results
3.5.1 Characterization of commerical nanopowders
SEM images of TiO2, SiO2 and ZnO nano-powders are shown in Figure 3.3. TiO2
particles were observed for agglomerates around 500nm in size. Smaller TiO2 particles
below 100nm are barely discernible from the micrograph in Figure 3.3a. ZnO nanopowders
were also observed to form agglomerates around 500nm in size, although smaller particles
2All NMR spectra in this thesis were collected by Dr. Xu Chen at the University of Illinois Urbana
Champaign and University of Delaware. The data was included for the sake of completeness
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below 100nm were clearly discernible in Figure 3.3c. Figure 3.3a showed SiO2 nanoparticles
possessing a size between 100-200nm. All the commerical nanopowders possessed an irregular
morphology. The manufacturer reports a much smaller particle size (Table 3.1), imaged
through TEM. Particle size ranges mentioned in Table 3.1 are close to the resolution of the
field emission SEM, and thus was not observed in the micrographs.
(a) (b)
(c)
Figure 3.3: SEM micrographs of (a) SiO2, (b) TiO2 and (c) ZnO nanopowders
The dispersion of 1%TiO2 in NaOH results in an opaque white solution. DLS
experiments on this sample failed because the opaque solution led to issues with absorbance
of light and the detector was always undersaturated. Subsequently, the concentration
was lowered to 0.1% TiO2. Since the particle concentration usually does not affect the
hydrodynamic diameter, this measurement is assumed to yield a similar PSD to 1.0% TiO2
in NaOH. On the other hand, 1% ZnO was also tested on DLS; the dispersion of ZnO in
NaOH yielded a more or less clear liquid and no dilution was required for the measurements.
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Particle size distribution for nano-silica was measured through a 5%SiO2 solution in NaOH.
However, nano-silica dissolves in NaOH solutions to yield silica species [39]. Therefore, the
size of silica particles should be treated with caution, since DLS is reporting the particle size
distribution of polymerized silica species. No references to this particle size is used in the
discussion section. Z-avg and PDI measurements for the three nanopowders are shown in
Table 3.2. Particle size distribution of the nanopowders are presented in Figure 3.4.
Table 3.2: Average particle size and poly-dispersity index of the nanopowders




Figure 3.4: Particle size distribution of nanopowders in NaOH solution
Test results indicate that the TiO2 is not stable in NaOH since the reported Z-avg
comes out to be exceeds 1µm, whereas the SEM micrograph in Figure 3.3b shows particles
in the ≈50nm range. The light scattering test also detected the presence of flocculating
particles, which corroborates with the tendency of TiO2 to flocculate in NaOH solutions.
Z-avg reported matches closely with the peak size reported through particle size distribution
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which demonstrates the accuracy of the experiment. On the contrary, ZnO appears to be in
a well dispersed state, with Z-avg being measured as 189nm, against a reported 18nm. The
primary particles as measured by the manufacturer through TEM appears to aggregate to
form these small flocs, based on the DLS results. The polydispersity index was high, but it
is probably attributed to the formation of small micron sized flocs which is seen from the
particle size distribution of the sample. Once again, the agreement of Z-avg with the peak
position in particle size distribution indicates a good measurement. Additionally, particle
size of ZnO observed in the SEM images corroborates well with what is observed from DLS
measurements. This indicates that the dispersed solution is stable. TiO2 is clearly forming a
flocculated system in NaOH since the particle size of the material through SEM can be seen
to be much lesser than what is reported through DLS measurements. There is no evidence
presented which shows that the aggregates break down during the geopolymerization process.
3.5.2 Characterization of nanozeolites
Validating synthesis
XRD analysis of the zeolite nanopowders revealed no crystalline impurities through
the synthesis. The phase match process led to the identification of zeolite A (PDF#
97-008-8329) and zeolite X (PDF# 97-006-5500). The patterns are presented in Figure 3.5,
and all crystalline peaks were confirmed to be coming from the respective zeolites. Zeolite
A was observed to have narrow, sharp peaks, and the baseline was almost horizontal. This
indicated that zeolite A was almost 100% crystalline. A hump was observed in the XRD
pattern of zeolite X, from a 2θ value of ≈20◦ to 35◦, which is indicative of an amorphous
phase present. The lower peak intensities and larger peak half-widths of zeolite X compared




Figure 3.5: XRD patterns of (a) Zeolite A and (b) Zeolite X
Subsequently, Rietveld refinement was adopted to characterize the percentage
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crystallinity in zeolite X. Crystalline ZnO (Acros Organics) was used as an internal standard
to quantify the % crystallinity, and a powder sample was prepared by lightly grinding zeolite
X and ZnO for 5 minutes in a 3:1 ratio (by wt.). The refinement was carried out using the
crystallographic information file associated with PDF #97-020-0522 and the refined powder
diffraction pattern is shown in Figure 3.6). The plausibility of the refined structure was
confirmed in the same way as described in Appendix B. The lattice parameter in the refined
structure changed by 0.03Å, and all the atomic sites were displaced by ≤0.1Å. Given that
the Si/Al ratio is typical to zeolite X, the refined structure was deemed to be acceptable.
The percentages of ZnO (internal standard) and zeolite X from the refinement was used to
estimate the amount of crystalline zeolite X, using Equation 3.1 [79].
Figure 3.6: Rietveld refinement of synthesized zeolite X with ZnO internal standard





where, WIT is the % wt. of internal standard mixed with sample, and WRIT is the % wt. of
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internal standard as calculated by rietveld refinement.
The calculations indicated that the zeolite X was 14% crystalline (with Si/Al ratio
of 1.1), with the remainder being an amorphous aluminosilicate. Percentage crystallinity
was also estimated by comparing the ratio of Bragg diffraction peak areas of the synthesized
zeolite X with those of a commerical molecular sieve (Type 13X, Alfa Aesar), assuming that
the molecular sieve is 100% crystalline. Peak areas at 6◦, 10◦ and 11.5◦ 2θ were calculated
the synthesized and commercial zeolite X. Subsequently, the ratio between the area under a
particular peak for the synthesized and commerical zeolite X was used as a measure of percent
crystallinity. The average(±standard deviation) of this ratio from three peaks was calculated
to be 33±11%. While this estimation using areas under the peak is highly approximate (the
intensity of XRD patterns depend on many different factors besides percent crystallinity,
which may not be same for the two samples tested here [80]), it is close to the percent
crystallinity reported from Rietveld refinement. Therefore, the results from the Rietveld
refinement is judged to be accurate.
FTIR spectra for the zeolites are presented in Figure 3.7a. The asymmetric Si−O−T
stretching peak for zeolite A at 983cm−1 is symmetric, indicating a single silicon environment.
The sharp peak at 552cm−1 is assigned to D4R ring vibrations in the zeolite [81], and the
intensity of the peak relative to the asymmetric stretching peak shows that the sodalite
cages are well connected. On the other hand, the asymmetric stretching peak for zeolite X
is not symmetric and there is a shoulder at 1065cm−1. This is indicative of multiple silicon
environments present in the structure. The D6R ring vibration at 563cm−1 has low intensity
indicating that the rings are not well formed. Therefore, FTIR results corroborate well with
XRD on the fact that zeolite X is not fully crystalline. Some water is always bound to
zeolites, and was observed through the peak at 1653cm−1.
The precursor to zeolite X (obtained by drying the aluminosilicate gel formed after
24h stirring at room temperature) was also introduced as a seed in certain experiments.
FTIR data for the amorphous precursor is compared to the semi-crystalline zeolite X, in
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Figure 3.7b. It is clear that the precursor is amorphous, since it does not exhibit any of
the D6R peaks, characteristic of crystalline zeolite structure, at 563cm−1. The peak width
for the main asymmetric Si−O−T bond is higher in the case of the amorphous precursor,
as observed from the normalized spectra in Figure 3.7b. This observation indicates that
aluminum substitution in the amorphous zeolite X precursor is lesser or the silica species are
more polymerized. Presence of silanol groups in the zeolite X precursor are indicated from




Figure 3.7: FTIR spectra of (a) synthesized Zeolite A and Zeolite X, (b) semi-crystalline
Zeolite X and its precursor (normalized spectra are shown inset) and (c) Dry and wet
zeolite X seed
XRF results for the two zeolites are presented in Table 3.3. The Si/Al ratio for
zeolite A was 1.0 and 1.3 for Zeolite X. As described in Section 3.3.1, zeolite A is expected
to have a Si/Al ratio of 1.0. Thus, the XRF, FTIR and XRD results provide substantial
proof of the synthesized zeolite A being phase pure. In addition, 29Si NMR spectrum of the
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zeolite A is shown in Figure 3.8, and single peak centered at -89.15ppm was noted, which
corresponds well with Q4(4Al) sites [82]. Therefore, it is concluded that zeolite A was phase
pure. Zeolite X can have variable Si/Al ratio between 1.18 and 1.5 [77] and the measured
Si/Al ratio falls within this range.
Table 3.3: Elemental composition of Zeolite A and X
SiO2 Al2O3 Na2O
Zeolite A 42.4 35.0 22.5
Zeolite X 48.8 31.2 19.9
Figure 3.8: 29Si NMR spectrum of Zeolite A (black) and deconvoluted peak (red)
Particle size and dispersion of zeolites
Nitrogen adsorption and desorption plots for the nano-zeolites are shown in Figure
3.9. The BET surface area of zeolite A and X came out to be 32m2/g and 229m2/g
respectively. However, the isotherm linear plot used for calculating BET surface area had
a very low negative y-intercept. This result is not ideal since a negative intercept is not
theoretically possible [83]. The degassing also caused a change in the chemical structure of
the zeolites, as observed from FTIR spectra before and after the experiment. Nevertheless,
SEM micrographs of the zeolite powders before and after the experiment did not reveal any
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drastic morphological or particle size difference. Therefore, in qualitative terms, the surface
area of zeolite X is clearly greater than zeolite A.
(a) (b)
Figure 3.9: Nitrogen adsorption and desorption isotherms of (a) Zeolite A and (b) Zeolite X
SEM micrographs of synthesized zeolite A and X are presented in Figure 3.10.
Zeolite A was observed to be highly crystalline, with well defined cubical particles, most
of which was observed in an agglomerated state. Size of the individual cubical zeolite A
crystals were observed to be >250nm. Zeolite X was observed to be composed of small
particulates with size <200nm, with some particles being in an agglomerated state.
(a) (b)
Figure 3.10: SEM micrograph of (a) synthesized zeolite A, and (b) synthesized zeolite X
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DLS average particle size, polydispersity index are reported in Table 3.4 and particle
size distribution is shown in Figure 3.11. DLS did not indicate any issues with agglomeration
for zeolite X but particle sizes for zeolite A was seen to vary. The larger particle sizes of
zeolite A indicate that it should have lesser surface area than zeolite X, which is consistent
with the surface area measurements presented earlier. The DLS results are also consistent
with the SEM particle size measurements. Qualitatively, zeolite A was observed to be in
agglomerated state of varying sizes and also in individual cubic crystals, which is reflected in
the high PDI value. On the other hand, zeolite X was observed to have fewer agglomerations.
Table 3.4: Average particle size and poly-dispersity index of synthesized zeolites
Sample Average particle diameter (nm) Polydispersity Index (PDI)
Zeolite X 69 0.235
Zeolite A 355 0.436
Figure 3.11: Particle size distribution of synthesized zeolites in NaOH solution
ESEM was used to understand the morphological changes in zeolite X wet seed upon
drying and wetting cycles. A small quantity of gel was imaged first at 100% RH, and the
humidity was decreased to 90%, followed by 50% and 0%. Micrographs were also obtained by
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restoring the humidity back to 100%. Resulting ESEM micrographs are presented in Figure
3.12. The microstructure at high humidity levels in Figures 3.12a and 3.12b showed discrete
particles with a size ≤200nm throughout the microstructure. Upon drying, these particles
were no longer observed in Figures 3.12c and 3.12d. It should be noted that Figures 3.12b,
3.12c and 3.12d are taken from the same region. Re-wetting or increasing the humidity
back to 100% led to the formation of some discrete particles, but the original microstructure
was not obtained anymore, as observed in Figure 3.12e. The disappearance of these particles
consequently implies that the microstructure has lesser surface area. The ESEM micrographs
presented here indicates that drying leds to a reduction in surface area, and this decrease is





Figure 3.12: SEM micrographs of zeolite X wet seed at (a) 100%RH, (b) 90%RH, (c)





This chapter is based on the paper “Effect of TiO2 and ZnO nanopowders on
metakaolin-NaOH geopolymers”, Proceedings of the 41st International Conference on
Advanced Ceramics and Composites, Ceramic Engineering and Science Proceedings, 38(3),
pp. 251-262, 2018. Experimental data on synthesized zeolite seeds has been added, and the
discussion has been modified to include the new data. Other minor changes are present
throughout the chapter.
4.1 Introduction
An aluminosilicate precursor such as metakaolin yields a three-dimensional
aluminosilicate structure with short-ranged, ordered framework upon reaction (often referred
as alkali activation) with hydroxide or silicate solution [47]. The proposed reaction
mechanism for geopolymerization involve a dissolution step [8, 32] where silicate and
aluminate species are released into solution, followed by a polymerization process where
polymerized silicate species along with aluminosilicate oligomers are formed [16]. These
oligomers further polymerize and ultimately form a three-dimensional amorphous framework
[16]. Zeolite phases can also be detected in such systems given certain environmental
conditions and age of specimens [81, 84]. Multiple review articles and descriptions of the
overall geopolymer mechanism exist on this topic [7–9, 28].
Thus, it is established that a phase transformation occurs from the dissolved silicate
and aluminate species in the solution to the final hardened binder. In the context of
alkali-activated materials, this transformation is believed to be a nucleation and growth
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controlled process [19, 84]. Nucleation and growth is a typical example of a discontinuous,
liquid-solid phase transformation, where the new phase formed has drastically different
properties from its parent but the change is highly local. The new phase consequently
grows spatially out of these small nuclei [62]. Thus, adding nucleation seeds offers promise in
controlling reaction kinetics and early age properties, as has been summarized by Kawashima
et al. in cement based systems [67]. Addition of tobermorite and xonotlite (crystalline
analogues of C-S-H, the primary reaction product of cement hydration) has been observed
to increase the rate of hydration of portland cement pastes [65]. The structure of the reaction
product at the nanoscale can also be potentially modified due to the presence of seeds. For
example, addition of different types of synthesized C-S-H to hydrating tri-calcium silicate
(C3S) systems has been reported to influence the nano-structure and composition of the
reaction product [66]. Furthermore, presence of C-S-H is shown to accelerate the reaction
kinetics and increase early age strength of alkali activated slag [72].
Addition of nucleation seeds can also prove whether a reaction is nucleation and
growth controlled or dissolution controlled as in the case of the latter, the addition will have
little or no effect on the reaction kinetics. By adding nucleation seeds (nano Al2O2, ZnO and
ZrO2) to two different geopolymeric binders, a Class F fly ash geopolymer activated through
NaOH [12] and a binder made by mixing geothermal silica with sodium aluminate [13], it
has been proved experimentally that the formation of geopolymeric binder could involve
nucleation. The kinetics of the reaction was seen to be accelerated in both cases and the
former study reported that the addition of nano-alumina in very small dosages (1% by
wt. of precursor) can influence the nature of the product being formed. Adding seeds to
the geothermal silica-sodium aluminate binder resulted in a refined microstructure, which
consequently led to improvements in compressive strength. Furthermore, elemental analysis
revealed that the Si/Al and Na/Al ratios of the product was statistically different between
the control and seeded sample, demonstrating the potential for seeds to control the nature
of the reaction product.
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In summary, addition of nucleation seeds provides i) an opportunity to verify whether
a reaction is nucleation controlled, ii) a potential to refine the microstructure of the binder,
and iii) a chance to influence the nano-structure of the final reaction product. However, to
the best of the author’s knowledge, any information on the nucleation seeding in metakaolin
based geopolymers is lacking in the published literature. In this study, geopolymers were
prepared by adding sodium hydroxide to metakaolin. Nano-TiO2 (anatase), SiO2, zeolite A
and zeolite X were added as potential seeding agents in low dosages. Zeolite A and zeolite
X were used since they were identified as crystalline analogues of the metakaolin-NaOH
geopolymers considered in this study. Influence of these additives on the reaction kinetics
was observed through isothermal calorimetry. Selective dissolution using hydrochloric acid
(HCl) extractions were performed at 4h, 24h and 144h to quantify the amount of unreacted
precursor and results were correlated with the reaction kinetics data obtained from isothermal
calorimetry.
4.2 Experimental Methods
4.2.1 Materials and Sample Preparation
Metakaolin (MK) was procured from BASF chemicals, with XRF composition being
listed in Table 4.1. Median particle size and surface area was reported to be 1.21µm
and 14.2m2/g respectively, by the manufacturer. Sodium hydroxide pellets were supplied
by Fisher chemicals with a purity ≥97% and subsequently, made into solutions at the
required concentration. Nano-pure water obtained from a Milli-Q water purification system
(EMD Millipore, USA) was used throughout the study. All materials were stored at
a temperature of 22◦C. The metakaolin geopolymers were prepared with a 1:1:1.9:13.6
(Na2O:Al2O3:SiO2:H2O) molar stoichiometry, using a motorized shear mixer (DrinkMaster,
Hamilton Beach). A typical mix consisted of 20g metakaolin, 7.15g NaOH pellets and
20.26g water. NaOH solution was prepared beforehand, and allowed to cool down to room
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temperature prior to mixing.
Metakaolin powder was added to sodium hydroxide in a plastic mixing cup and mixed
for four minutes. The cup was sealed off and kept at 22◦C prior to testing. Nanopowders were
dispersed through a probe sonicator (Fisher Scientific, Model 505) in the sodium hydroxide
solution prior to mixing. Henceforth, the metakaolin geopolymers prepared are denoted as
“MK-NaOH” or “Control”. Dosage of seed additions are reported in % wt. of metakaolin
within the mix.
Table 4.1: XRF Analysis of Metakaolin
SiO2 Al2O3 Na2O K2O TiO2 Fe2O3 CaO MgO P2O5 LOI (%)
52.3 45.2 0.22 0.15 1.74 0.42 0.04 0.04 0.08 0.79
4.2.2 Potential seeding agents
TiO2, SiO2 and ZnO nanopowders were procured from US Research Nanomaterials.
The nanopowders were added in dosages of 1% and 5% weight of metakaolin in the mix,
unless otherwise specified. Although seeds have been observed to be added at levels beyond
5% [18, 65, 67], the authors believe a small quantity of nano-sized particles with high surface
area should provide enough sites for heterogeneous nucleation [12, 13, 72]. It should be noted
that these oxides have been shown to act as nucleation seeds in cement, low calcium, and
high calcium alkali-activated binders [12–14, 18].
Zeolites A and X were synthesized and characterized as described in Chapter 3.
Zeolite X was used as a wet seed, and water from the wet seed was subtracted from NaOH
solution to ensure the overall mix stochiometry remains the same. The amount of water to
be subtracted was taken to be equal to the mass loss obtained by drying the zeolite X wet
seed at 160◦C for 24h. A similar procedure has been adopted by Hubler et al., [72] while




After MK-NaOH mixtures were prepared, they were transferred into 20 mL glass
ampoules and kept in a TAM Air 8 channel micro-calorimeter. Baseline data was collected
for thirty minutes after the signal was stabilized. The samples were then inserted in the
calorimeter within 5 minutes after mixing. First 45 minutes of data was discarded since the
mixing was done outside of the calorimeter, and the initial rate of heat release can be partly
attributed to frictional heat generated while inserting the ampoules. Three replicates for
each sample was run, and the results came out to be identical. Therefore, only one curve
from each sample is presented in this thesis. The rate of heat and total heat released was
normalized to the total amount of geopolymer paste in the ampoule. The time t=0 in the
heat evolution curves denotes the time at which samples were inserted in the calorimeter
and subsequently, data was recorded every second.
4.2.4 HCl Extraction
The degree of reaction or the amount of product formed in alkali activated binders
has been measured quantitatively using selective dissolution techniques previously [26].
In particular, HCl solutions have been known to remove products generated through
alkali-activated binders [85]. To carry out the dissolution process, the reaction needs to be
stopped and all free water has to be removed. For this purpose, a solvent extraction method
was employed. Geopolymers were crushed with an pestle and mortar at the required age
(4h, 24h and 144h) with a 1:1 mixture of acetone and methanol (by volume). While solvent
extractions have been known to stop the geopolymer reaction, it has also been reported that
the presence of soluble silicates can precipitate silica along with the geopolymers [86]. To
ensure that there is no such precipitation, MK-NaOH powders were washed with water prior
to the solvent extraction in a manner described by Chen et al. [86]. However, FTIR spectra
of powders without and with the water wash was seen to be the same, owing to which the
solvent extraction method without prior washing, was used throughout this study. Finally,
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0.4g of a powder thus obtained was stirred in 100 ml of a 1:20 HCl solution for 3 hours to
remove all reaction products [26]. Subsequently, the solution was vacuum filtered through a
Whatman Grade 1 filter paper in a Buchner funnel and flushed twice with nano-pure water.
The funnel was then dried at 105°C and the mass loss was recorded. The residue was verified
to be metakaolin using FTIR and the mass loss data was used to compute the percent of
unreacted metakaolin in a sample. Unreacted metakaolin was calculated by averaging values
obtained from four separate extractions. Standard deviation from average is reported as
uncertainty.
4.3 Results and Discussion
4.3.1 Effect of TiO2 addition MK-NaOH reaction kinetics
Figure 4.1a shows the effect of addition of 1% TiO2 and ZnO to the control MK-NaOH
sample. The control specimen has two distinct peaks in the time-frame of data presented.
As part of the experimental model presented by Zhang et al., [50] the first peak (within
the first hour) is attributed to the initial heat released from the dissolution of metakaolin.
Subsequently the reaction goes through an apparent induction period, followed by a second
peak (seen within 5-6 hours). This peak is attributed to the polymerization process that is
known to occur within alkali activated binders [50]. Addition of TiO2 shows two changes
compared to control, with the first being rate of heat released increases up to the first 24
hours. The second feature is harder to distinguish, but there is a slight decrease in the
time at which the second peak takes place. It should be also noted that further increase in
the dosage of TiO2 did not cause any additional change in the reaction kinetics. While the
changes observed through calorimetry are not as dramatic compared to what was observed
by Rees et al. [12], the effect of TiO2 addition on the reaction kinetics is undeniable. Possible
explanation of the effect of TiO2 addition on the reaction kinetics of MK-NaOH is carefully
considered here.
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It is unlikely that TiO2 directly participated in any chemical reaction since it is known
to be inert in alkaline media [18] and the amount added is very small. On the other hand,
if the rate of reaction at the early age is controlled by the availability of nucleation sites,
addition of TiO2 nano-particles was expected to reduce or even eliminate the drop in reaction
rate observed between 1-2h. For example, addition of a small quantity (0.5% - 4% by weight
of C3S) of synthesized C-S-H gel accelerates hydration of tricalcium silicate and virtually
eliminates the induction period [14]. This result strongly indicated that the formation of
C-S-H is autocatalytic. The lack of pronounced effect of TiO2 addition on the length of the
induction period could indicate that the availability of nucleation sites is not a rate limiting
factor, when geopolymer is synthesized from metakaolin owing to its extremely high surface
area (14.2 m2/g, which is around forty times higher than typical ASTM Type 1 cement).
Another possibility is that the formation of geopolymeric sodium aluminosilicate hydrate
(N-A-S-H) is autocatalytic [84]. Therefore, TiO2 nano-particles offer limited opportunity
for the nucleation of N-A-S-H on its surface which in turn provide more suitable nucleation
sites for subsequent N-A-S-H formation. Similar phenomenon is reported when silica fume
is added to C3S based binders [14]. It is believed that pozzolanic C-S-H forms slowly on
the surface of the silica fume and subsequently auto-catalyzes the reaction. Thus, a slow
acceleration is observed since additional nucleation sites form gradually throughout the early
period of hydration instead of being immediately available at the time of mixing. Similar
behavior is observed in Figure 4.1a, where an increase in the peak heat of hydration is
observed without any change in the induction period. Lastly, there is always a possibility
that the lack of pronounced effect of TiO2 addition could be attributed to the poor dispersion
of TiO2 as mentioned earlier. In the subsequent sections, it will be demonstrated that the
effect of a seed appears to depend on its surface area. Therefore, poor dispersion limits any
possible nucleation effect that TiO2 can have on geopolymer formation. Increasing dosage of
TiO2 also does not serve any purpose since large aggregates have low specific surface areas,
which do not provide enough nucleation sites to cause drastic acceleration in the rate of
reaction. However, this may not be entirely true, based on effects of TiO2 observed in the
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presence of ZnO as described below.
To verify that TiO2 acts as a nucleation seed in MK-NaOH geopolymer, it was used
in combination with ZnO nanoparticles. In cement-based systems, ZnO is believed to poison
nucleation sites which ultimately causes retardation [61]. Ataie et al. [61] observed that
the retarding effect of ZnO on cement hydration can be reduced by addition of a silicon
rich, finely divided, highly amorphous rice and wheat husk ash which are verified to act as
nucleation sites for C-S-H. Following similar analogy, ZnO was added at 1% and 3% by wt.
of MK-NaOH. Figure 4.1 clearly shows that the addition of 1%ZnO has a retarding effect on
the MK-NaOH system. It decreases the rate of heat release and delays the appearance
of the second peak. The figure also illustrates that the retardation increases with the
increase in dosage of ZnO. In a parallel study carried out by the authors, addition of ZnO
to an alkali activated fly-ash slag binder also caused similar retardation. The evidence
of ZnO nanoparticles being a retarder does contradict the accelerating effect observed by
Hajimohammadi et al. [13]. However, these observations could stem from differences in
the reaction mechanism when different precursors are used. For example, addition of Al2O3
nanoparticles to Class F fly ash activated through sodium hydroxide has been reported
to accelerate the reaction significantly [12]. However, the same did not show any effect on
MK-NaOH. When 1%TiO2 was added to the system containing 1%ZnO, it was observed that
the extent of retardation is arrested to some extent (illustrated in Figure 4.1b). Increasing
the dosage of TiO2 to 3% further reduces the retardation, compared to 1%TiO2. Since ZnO
is known to poison nucleation sites, the fact that TiO2 can reverse the action of ZnO provides




Figure 4.1: Rate of heat evolution from MK-NaOH (control) binders, with (a) 1% TiO2,
1%ZnO and 3%ZnO and (b) a combination of TiO2 and ZnO nanopowders
4.3.2 Effect of SiO2 addition on MK-NaOH reaction kinetics
Figure 4.2 shows the effect of adding 1% and 5% SiO2 to MK-NaOH . The addition
of 1% SiO2 shows an increase in the rate of heat released up to the first 24 hours, but no
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changes were observed in the time at which the second peak (Tpeak,2)
1 is observed. However,
unlike TiO2, the addition of SiO2 at higher dosages increased the rate of heat evolution
drastically. The time at which the second peak is observed (Tpeak,2) reduced by ≈1h upon
the addition of 5%SiO2. For reference, adding 5% SiO2 results in a Si/Al ratio of 1.07 within
the geopolymer (as compared to 0.98 in MK-NaOH).
To interpret this behavior, a mix equivalent to MK-NaOH-5%SiO2 mix was prepared
using soluble silica (RU Sodium Silicate, PQ Corp) instead of silica nanopowder. Figure
4.3 shows that the rate of heat evolution of this equivalent mix is similar to that of
MK-NaOH-5%SiO2. Therefore, it is clear that silica nanopowders are dissolving in NaOH
solution. This behavior is expected since sodium silicate solutions are often prepared from
solid silica sources like fumed silica dissolved in NaOH. The dramatic increase in rate of
heat evolution upon adding 5% SiO2 was unexpected since isothermal calorimetry data from
literature has reported that increasing the modulus of activator solution decreases the rate
of heat evolution [51]. Possible explanations for this acceleration are discussed subsequently.
The addition of external seeds as nuclei for a reaction to proceed lowers the activation
energy barrier and increases the rate of reaction [62]. The acceleration observed in cement
hydration upon the addition of nanoparticles have been linked to a nucleation seeding effect
[14, 18, 63, 65, 66]. Polycondensation processes, which lead to the formation and growth of
aluminosilicate network in geopolymers have been observed to contribute majorly to the heat
released after the first peak in geopolymerization [29, 54]. On the basis of the observations
made when C-S-H gel is used as a seeding agent in C3S hydration, any nucleation effect should
increase the Rpeak,2 and decrease Tpeak,2. These expectations due to nucleation, match the
effects observed upon addition of SiO2, as described in the first paragraph of this section. In
addition, Rpeak,2 was seen to increase further upon increasing the dosage of SiO2 from 1% to
5%, which is indicative of the fact that more nucleation sites are present, which subsequently
accelerates the reaction further. Therefore, the changes observed in Figure 4.2 indicates that
1with reference to Figure 2.7
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the acceleration in rate of reaction is a consequence of SiO2 particles providing nucleation
sites.
The concept of silica species in solution acting as nucleation sites for silica
polymerization and growth has been described in literature by Iler [35]. At a pH>7,
monomeric silica species condenses to form dimers and small oligomers. The polymerization
route maximizes the formation of Si−O−Si bonds over Si−OH bonds. Therefore, small
cyclic species form at the earliest stages and these cyclic (or spherical) units serve as nuclei
for further polymerization. For gel growth, some of the smaller silica units dissolve and
polymerize with the larger silica species. Therefore, the number of cyclic silica polymers
keep decreasing, and the the average size of these polymers keep increasing. The formation
of such cylic silica species have been reported by North and Swaddle, by carrying out NMR
spectroscopy on dilute aluminosilicate solutions at low temperatures (-9◦C) [56]. Therefore,
it can be argued that geopolymerization occurs with small cyclic silica species acting as
nuclei for growth of an aluminosilicate network. Hence, a nucleation effect could be the
reason behind the acceleration seen upon adding SiO2 nanoparticles to MK-NaOH.
A second interpretation of the effects of adding 5% SiO2 can be obtained from the
hypothesis of product formation on (or near) the surface of metakaolin. This product is
believed to act as a barrier to dissolution and slows down the rate of reaction [15, 87] for
metakaolin geopolymers after Tpeak,2. A similar hypothesis has been proposed in the case of
geopolymers derived from geothermal silica and fly ash [12, 58]. Alumina and silica species
dissolved from the precursor appear to react and form a barrier on precursor surface, which
consequently results in slower dissolution. Formation of product on or near the surface of
metakaolin has been suggested by Chen et al., based on results from NMR spectroscopy [28].
The consequences of the barrier formation on reaction kinetics was not described in their
study. In this study, small quantities of soluble silica (as in the case of adding 5% SiO2) is
hypothesized to react with alumina being dissolved from metakaolin. Increased dissolution
was noted (discussed in subsequent sections), which indicated that the barrier formation on
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the surface of metakaolin was prevented. The resulting aluminosilicate products from the
reaction of silica in activator, and alumina from precursor have also been hypothesized to
serve as nucleation sites for geopolymer growth [59]. While no direct evidence of nucleation
was provided in their study, it is likely that this hypothesis is correct. Once again, in analogy
to the behavior of nano-silica or micro-silica in cement hydration [14], the slight decrease of 1
hour in the value of Tpeak,2 upon 5% SiO2 addition shows that nucleation sites are gradually
forming instead of being available for geopolymer growth immediately. In addition, the
previous observation of increasing microstructural homogeneity with increasing Si/Al ratios
in metakaolin geopolymers (Figure 2.10) [20] can now be explained differently. The presence
of nucleation sites provides site for product growth throughout the geopolymer pore space,
which can cause the significant increase in microstructural homogeneity.
While these two perspectives provide a reason to as to why does silica accelerate
geopolymer reaction, there is no explanation to why would a nucleation seed reduce the rate
of reaction. As mentioned earlier, adding soluble silica reduces the rate of reaction [51], and
Figure 4.2 also shows that the rate of reaction for MK-NaOH-5%SiO2 slows down after ≈15h,
when compared to control. In literature, the slower rate of reaction upon adding soluble silica
has been attributed to lability of aluminosilicate species in solution [20]. However, the silica
polymerization model presented by Iler can be used to explain the retardation observed
upon addition of silica to metakaolin geopolymerization. To elaborate, a third geopolymer
mix with higher silica content than the two mixes in Figure 4.2 was prepared with soluble
silica. The mix is equivalent to adding SiO2 at a dosage ≈50% wt. of metakaolin used in
MK-NaOH, resulting in a geopolymer with SiO2/Al2O3 = 3.80, and calorimetry results for
this mix is presented in Figure 4.3. It is observed that upon adding of more soluble silica
(resulting in SiO2/Al2O3 = 3.80), the rate of heat evolution and total heat evolution is seen
to be less than the control mix upto a period of 120 hours.
Iler’s model describes that silica polymerization and growth takes place by smaller
silica species dissolving and attaching to the larger growing nuclei [35]. Beyond a size of 5nm,
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colloidal silica in solution tend to dissolve slowly, and therefore, silica growth is reduced
drastically [35]. It is a well known fact that increasing concentration of soluble silica in
alkaline solutions (or increase in silica modulus i.e. molar SiO2/Na2O), leads to silica species
becoming more and more polymerized [40]. Sodium silicate solutions with a modulus of
0.5 have been reported to possess 85% of silica in Q0 and Q1 states [20]. Silica modulus of
activator solution in the case of 5% SiO2 addition is≈0.2, which confirms that monomeric and
dimeric silica species are the majority species in solution. Therefore, in MK-NaOH-5%SiO2,
rapid reaction is observed because the monomeric and dimeric silica can serve as nuclei and
help in polymerization and growth of the aluminosilicate. When the available smaller silica is
depleted, aluminosilicate growth slows down which is reflected in the reduced rate of reaction
after t>15h (when compared to control).
The activator solution in the case of MK-NaOH-50%SiO2 has a modulus close to 2.0,
where the total Q0 and Q1 species is believed to be around 15% [20, 40]. Colloidal silica is
present throughout the pore solution, and therefore, there is no shortage of nucleation sites
in the binder. However, since the species are more polymerized, the process of growth slows
down since larger silica species do not dissolve easily. Therefore, the reaction rate in this
high-silica geopolymer is slower when compared geopolymers with SiO2/Al2O3 = 1.96 (when
t>15h) and 2.14. This observation proves that soluble silica in activator solution controls
the geopolymer reaction by a) providing nucleation sites and b) controlling the growth rate
of product.
Further proof of silica acting as a nucleation seed can be obtained from the synthesis
of aluminosilicate gel precursors for zeolites. Harvey and Glasser [38] have observed that the
formation and growth of these aluminosilicate gels are controlled by the amount of nuclei
and “nutrient”. DLS results of aluminosilicate gel formation revealed that low silica and
high alkali gels follow a clear nucleation and growth limited process, whereas high silica
solutions form gels easily but exhibit a slow growth. Therefore, it was concluded that
silicate species (especially monomers) act as nuclei for gel growth. On the other hand,
66
dissolved alumina was observed to complex preferentially with large silicate species. Once
bound to these species, further polymerization and growth of aluminosilicate species slow
down since Si−O−Si bonds have to be broken, while the Si−O−Al bonds are not cleaved
in alkaline media [38]. Therefore, the availability of aluminum controls the growth of gel;
and “nutrient” refers to aluminum in this case. Through this discussion, the role of soluble
silica in geopolymerization becomes very clear. In small quantities, these silicates act as
nuclei and a nucleation-controlled step exists in the reaction mechanism. However, upon
adding excess silica, the mechanism switches completely to a growth-controlled system where
large silica species slowly polymerize. Aluminum availability controls the rate at which the
aluminosilicate growth takes place.
Figure 4.2: Rate of heat evolution from MK-NaOH (control) binders, with 1% and 5%
SiO2. Geopolymer paste equivalent to MK-NaOH-5%NS, prepared with metakaolin-sodium
silicate is denoted as MK+NaSil(SiO2=5%NS)
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Figure 4.3: Rate of heat evolution from metakaolin geopolymers, with a general
stochiometry of 1Na2O:1Al2O3:xSiO2:13.6H2O, with x reported in the legend
4.3.3 Effect of zeolite addition on MK-NaOH reaction kinetics
Figure 4.4 shows the effect of adding 1% Zeolite A and Zeolite X to MK-NaOH
geopolymers. In both cases, the rate of heat evolution increased slightly (Rpeak,2) and no
other changes were evident. Adding zeolite seeds at higher dosages was seen to accelerate
the reaction further. With analogy to the previous discussion with SiO2 addition, it can
be argued that this observation indicates that the zeolites are acting as nucleation seeds.
Upon adding 5% Zeolite X, Tpeak,2 was reduced by 2 hours which is significantly more than
the reduction seen upon adding 5%NS, which is indicates zeolite X is acting as a better
nucleation seed than SiO2. Zeolites are known to be extremely stable in alkaline media
[88, 89], and therefore should not accelerate the reaction by dissolving and forming silica
species. Therefore, this observation is strongly indicative of an autocatalytic effect that has
been claimed to be present in geopolymerization [15, 16]. It should be noted that the Rpeak,2
for 5% Zeolite X addition is still less than that seen in the case of 5% SiO2, while the total
heat evolution in the sample is greater than that of control till 5 days.
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The differences observed between the Zeolite X and Zeolite A seeded binders could
be explained on the basis of the surface areas of the respective nanopowders. Zeolite A was
estimated to have a BET surface area of 32m2/g compared to 229m2/g for Zeolite X. DLS
results confirmed that the zeolites were in a dispersed state in NaOH activator solution, and
therefore, the trend in surface ares can be regarded to be valid in solution as well. Since
higher surface area implies more nucleation sites, zeolite X should accelerate the geopolymer
reaction more than zeolite A, as seen. However, it should also be noted that zeolite X was
semi-crystalline (XRD Rietveld indicates 14% crystallinity). Qualitatively, SEM micrographs
indicated zeolite A formed well defined cubic crystals, and appeared to be more crystalline
than zeolite X. Hence, it is also possible that the chemistry of the semi-crystalline zeolite X
is more similar to the amorphous geopolymer and can influence the geopolymer reaction to
a greater extent than zeolite A. Nevertheless, owing to the pronounced effects of zeolite X,
further discussion does not include the effects of zeolite A.
In Chapter 3, zeolite X was revealed to possess a semi-crystalline structure.
Additional calorimetry was run by using the amorphous aluminosilicate gel precursor to
zeolite X as seed. The gel was obtained by filtering out the aluminosilicate solution
(composition reported in Chapter 3) after 24h stirring at room temperature. Subsequently,
it was dried at 105◦C, sieved through a 250µm mesh and dispersed through probe sonication.
Adding the amorphous precursor to MK-NaOH increased Rpeak,2 but did not change Tpeak,2.
IR spectra of the amorphous gel indicated that it has less aluminum substitution compared
to the semi-crystalline zeolite, i.e. the amorphous precursor has greater Si−O−Si bonds
compared to the semi-crystalline zeolite. As observed in another study [38], Si−O−Si
bonds breakdown in alkaline media, and lead to the formation of soluble silica species.
The discussion in Section 4.3.2 demonstrated that these silica species can provide nucleation
sites for the geopolymer product to grow, which could be the explanation to the increase
in rate of reaction. Crystalline zeolite X was also procured as a commerical molecular sieve
(Type 13X, Alfa Aesar) and used as a seed. The effects of addition of these materials to
MK-NaOH are illustrated in Figure 4.5. The addition of crystalline zeolite X did not have a
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significant effect on calorimetry, and on the contrary a slight retardation was observed. This
could be because the crystal size in NaOH solution was observed to be ≈600nm through
DLS, which is much higher than the particle sizes of synthesized zeolite X. Therefore, the
crystalline zeolite should have much lesser surface area, and consequently should not affect
the geopolymerization kinetics significantly.
Figure 4.4: Rate of heat evolution from MK-NaOH (control) binders, with 1% and 5%
Zeolite X and A
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Figure 4.5: Rate of heat evolution from MK-NaOH (control) binders, 5% Zeolite X, 5%
Zeolite X precursor and 5% Type 13X
4.3.4 Effect of nanoparticles on degree of reaction
Amount of unreacted metakaolin at various ages is estimated through HCl extraction
at 4, 24 and 144h. The discussion in the preceding sections strongly indicate TiO2, SiO2
and zeolite X are acting as nucleation seeds. The increased dissolution that is observed
at 4h therefore provides additional indirect evidence that these nanopowders are acting as
nucleation seeds. Beyond 4h, metakaolin dissolution is the same as that of control, when
considering TiO2 and zeolite X nanopowders. This indicates that the nucleation limited stage
within MK-NaOH geopolymerization is very narrow (temporally). Post nucleation, the rate
of reaction is determined by the rate of product growth. Polymerization and gel growth of
aluminosilicate is controlled by the availability of small silica species and alumina. Since
TiO2 and zeolite X are believed to act as nuclei only, they are not expected to accelerate
geopolymer growth.
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On the other hand, silica species can accelerate metakaolin dissolution by providing
nucleation sites, and also drive further growth of product, by enabling polymerization of silica
species from solution. Therefore, even in a growth controlled state, silica can promote further
dissolution of metakaolin (provided there is availability of aluminum species in solution [38]),
as observed in Figure 4.6a. It is also interesting to note that while zeolite X appears to act
as a better seeding agent than TiO2, based on the rate of heat evolution data in Figure 4.6b,
the extent of dissolution caused by both nanopowders are same by 24h as seen from HCl
dissolution data. This observation is consistent with the earlier hypothesis of the nucleation
controlled step (in metakaolin geopolymerization) being a small temporal region in the overall
reaction. In addition, it is interesting to note that seeding with 5% zeolite X causes Tpeak,2 to
occur ≈1h prior, compared to seeding with 5% SiO2. This behavior indicates that zeolite X
nano-particles provide kinetically favorable nucleation sites, and acts as “better” seed than
SiO2. It should be noted that the discussion in Sec. 4.3.2 hypothesized that the silica particles
were not the actual nucleating sites; the nano-silica reacts to form small aluminosilicate
oligomers, which subsequently act as nucleation sites. The behavior exhibited by zeolite
X provides proof of this hypothesis, since the zeolite is an aluminosilicate. Therefore, on
the basis of the rate of heat evolution in the presence and absence of seeding agents, the
nucleation controlled step appears to occupy the temporal region from 2h onwards, till 24h,
for the MK-NaOH control mix.
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(a) (b)
Figure 4.6: (a) Unreacted metakaolin at 4h, 24h and 144h in seeded and un-seeded
MK-NaOH binders, (b) Calorimetry data showing effects of TiO2, SiO2 and zeolite X
nanopowders
4.4 Conclusions
Insights into nucleation seeding, as obtained from isothermal calorimetry and HCl
extraction experiments are presented as follows:
 The acceleration observed in MK-NaOH reaction kinetics provide strong indirect
evidence for the presence of a nucleation step in geopolymers
 The nucleation sites in geopolymers appear to be silica species in solution. In low silica
geopolymers (like the metakaolin-sodium hydroxide binders), adding small quantities
of silica in activator solution will accelerate metakaolin dissolution and geopolymer
growth. However excess of silica in activator solution leads to a growth controlled
reaction, where the availability of alumina plays a key role in controlling the kinetics
of geopolymer growth
 The addition of a semi-crystalline zeolite X seed, which is expected to have a
nanostructure similar to that of the metakaolin-sodium hydroxide geopolymer was
observed to be most effective in reducing the slight induction period observed in
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MK-NaOH binders. This effect indicated the presence of an autocataytic step, which
has previously been hypothesized in geopolymerization
 HCl dissolution data provides additional evidence for TiO2, SiO2 and zeolite X acting
as nucleation seeds. All the three additives result in increased dissolution at 4h,
whereas only silica exhibits enhanced dissolution up to 24h. This observation shows
that the nucleation stage dominates a short time period (between 4-24h) in the overall
geopolymer kinetics. Adding SiO2 led to increased metakaolin dissolution beyond 4
and 24h. This observation provides further evidence that that silica promotes both
nucleation and participates in the growth of gel, which serves as an additional driver
for dissolution
Based on these hypotheses, a simple mechanistic picture of the geopolymerization process is
summarized in Figure 4.7.
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Figure 4.7: Mechanistic description of metakaolin-sodium hydroxide geopolymerization.
The stage boundaries demarcated with the red dashed lines are approximate and intended
as an aid to provide a visual picture of early age MK-NaOH kinetics
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Chapter 5
Proof of external nucleation seeding
5.1 Introduction
In this chapter, the synthesis of an aluminosilicate percursor for geopolymerization
is reported. Geopolymers have been prepared from this synthesized aluminosilicate
precursor[90] (henceforth referred to as AlSi) and therefore, they offer another binder system
to study geopolymerization. The precursor was used to prepare a geopolymer mix equivalent
to the MK-NaOH binder, and the effects of seed addition were studied on this binder system.
These precursors were also used in an attempt to prove the ability of zeolite X and SiO2
to act as nucleation seeds using the “micro-reactor” approach, established by Suraneni and
Flatt [91, 92]. Further information relevant to the preparation of micro-reactors and some
results are provided in Appendix A. The aluminosilicate synthesis procedure is reported here,
along with results from SEM, XRD, FTIR, NMR and nitrogen adsorption.
The results and discussion in Chapter 4 present strong evidence of a nucleation
controlled step being present in metakaolin-sodium hydroxide geopolymer formation.
Subsequently, several hypotheses were presented by combining the observations derived
from literature and effects of seeds on geopolymer reaction kinetics. In this chapter, zeolite
X and SiO2 seeds were introduced in the AlSi-NaOH geopolymers to verify the proposed
hypotheses in Chapter 4. Experimental isothermal calorimetry data and FTIR spectroscopy
on AlSi-NaOH geopolymers, with and without seeds, were utilized to prove that zeolite X
is indeed acting as a nucleation seed. The behavior of SiO2 in promoting nucleation and its
ability to shift the reaction to growth controlled kinetics, when present in excess was proven
in this chapter.
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5.2 Synthesis of aluminosilicate precursor
The procedure used for the preparation of the aluminosilicate was based on the
method described by Walkley et al., [93]. The synthesis procedure involves an organic
polymeric steric entrapment solution-polymerization route to generate a homogeneous single
phase, followed by calcination at moderate temperatures to remove the organic component.
The targeted Si/Al ratio of the aluminosilicate was 1.0.
For the synthesis, 5% wt. polyvinyl alcohol (PVA) aqueous solution was prepared
from 98–99% hydrolysed PVA (Alfa Aesar, molecular weight between 11,000-31,000)
and added to a 40% (by wt.) aqueous solution of aluminium nitrate nonahydrate,
Al(NO3)3 · 9 H2O (Alfa Aesar, 98% purity). Al3+/OH ratio of the solution was kept at
4, with OH being the number of hydroxyl groups in polvinyl alcohol. The resulting solution
was subsequently stirred at 60◦C for 2h before addition of 40% wt. aqueous colloidal silica
solution (Sigma Aldrich, Ludox HS-40). The silica was added to ensure that Si/Al ratio in
the solution is equal to 1.0. A typical batch of the PVA-aluminosilicate solution had 2.4g
PVA, 80g of Al(NO3)3 · 9 H2O and 166g of water. 32g of HS-40 colloidal silica was added after
stirring for 2h at 60◦C. Water in the the resulting aluminosilicate solution was evaporated
slowly at 70-80◦C with constant stirring, till a viscous gel was formed. The gel was calcined at
550◦C for 1h, while the furnace temperature was increased at 3◦C/min to oxidize all organic
materials from the aluminosilicate. The resulting solid was crushed and sieved through a
125µm mesh. The sieved powder was characterized and used in geopolymer preparation.
The batch proportions mentioned yielded ≈35g powder. For the micro-reactors, particles in
the 125-250µm size range were used.
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5.3 Experimental methods
A Siemens D5000 diffractometer was used in the Bragg-Brentano configuration to
collect powder XRD patterns. The electron gun voltage was maintained at 40kV and emission
current set at 30mA. A single crystal silicon holder was used as it does not contribute to
the background in the XRD patterns. XRF was carried out on a Shimadzu EDX-7000
instrument using a Rhodium X-ray source. The measurements were made in a helium
atmosphere, and a fundamental parameter method was used to generate quantitative values
for the elemental composition of the synthesized aluminosilicate. JEOL6060 SEM was
used in the secondary electron mode, to characterize the morphology the aluminosilicate
particles. Infrared spectra of the aluminosilicates were collected on a Perkin Elmer Frontier
Spectrometer. An Attenuated Total Reflectance (ATR) attachment with a diamond crystal
was used for the measurements. An average of 8 scans were taken for each spectra, with
a resolution of 4cm−1. Nitrogen adsorption was carried out on a Micromeritics ASAP2020
instrument to measure the BET surface area of the aluminosilicate. The samples were
pre-degassed at 150◦C for 24h and at 300◦C for 3h, both under a vacuum pressure of 30mm
Hg. 29Si NMR spectra was collected using a Varian Inova Spectrometer operating at 7.04T.
A 90◦ pulse, with a width of 4µs was used. Recycle delay was kept at 30s and 2048 scans
were measured for each spectrum. 1024 scans were collected for 27Al NMR spectra with a
recycle delay of 1s and pulse width of 2µs. Peak deconvolution was carried out using MNova
v11.0.1 (Mestrelab Research S.L.).
The AlSi-NaOH geopolymers were characterized through isothermal calorimetry (at
22◦C) for early age reaction kinetics. FTIR spectra were collected at 1d and 7d age to
understand the nature of products forming. The IR spectra of AlSi geopolymers were
compared with those of MK-NaOH geopolymers to compare the products obtained from the
two precursors. The AlSi-NaOH geopolymer reaction was stopped by crushing the sample
with an agate mortar-pestle in acetone-methanol (1:1 by volume) [86]. The suspension was
filtered through a Grade 1 Whatman Filter paper supported on a Buchner funnel, and the
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residue was dried in a vacuum pressure of 18-20in Hg. Subsequently, the dried residue was
used for FTIR measurements.
5.4 Characterization of synthesized aluminosilicate
5.4.1 Chemical characterization
The IR spectrum of the synthesized aluminosilicate is shown in Figure 5.1a, along
with the IR spectrum of metakaolin for the purposes of comparison. Powder XRD pattern
(Figure 5.1b) of the aluminosilicate shows no crystalline peaks, and therefore, the synthesized
aluminosilicate is X-ray amorphous (like metakaolin). XRF data (Table 5.1) shows bulk Si/Al
molar ratio equal to 1.0. FTIR and XRD suggests that the aluminosilicate has a chemical
structure similar to that of metakaolin.




Figure 5.1: (a) IR spectra of synthesized aluminosilicate and metakaolin (normalized
spectra inset) and (b) Powder XRD pattern of synthesized aluminosilicate
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29Si and 27Al NMR spectra of the synthesized aluminosilicate are shown in Figure
5.2. The 29Si spectrum was deconvoluted from -90 to -130ppm and two peaks were obtained,
centered at -110 and -103ppm. These frequency shifts correspond well to Q4 and Q3 silicon
sites [82]. A small hump between -75 to -90ppm indicates the presence of low Q species but
the quantity of these sites are clearly much lower compared to Q4 and Q3 sites. The 27Al
spectrum had peaks at 65ppm, 35ppm, and 6ppm which correspond to Al(IV), Al(V) and
Al(VI) sites respectively [82]. The NMR results correlate well with the NMR results on the
aluminosilicate synthesized by Walkley et al., [93]. Unlike metakaolin, which is primarily
composed of Q4(1Al) centers [47], the synthesized aluminosilicate possesses Q4(0Al) Si sites
and tetrahedral alumina. Therefore, the structure of the synthesized aluminosilicate has
been described to consist of a highly polymerized silicon rich phase, and another aluminum
rich phase like mullite [93].
(a) (b)
Figure 5.2: (a) 29Si NMR spectra of synthesized aluminosilicate and (b) 27Al NMR spectra
of synthesized aluminosilicate
There is no information to as to how are the silicon and aluminum rich phase
distributed spatially in the synthesized aluminosilicate. Therefore, SEM-EDS was used to
generate qualitative Si and Al maps to check for the sample’s homogeneity. For this purpose,
a 200µm particle was embedded in epoxy and polished using SiC paper (2500X and 4000X).
The maps for the sample are shown in Figure 5.3. The EDS maps clearly revealed a distinct Si
rich region around 50µm in size. Therefore, it should be kept in mind that the micro-reactors
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milled in the sample will have a high probability of being in either the Si rich or Al rich
regions. It is unlikely that there will significant changes in the Si or Al concentrations within
a micro-reactor with a cross section of 5µm × 1µm. Based on these results, it should be
noted that the synthesized aluminosilicate is definitely not “metakaolin-like”.
(a)
(b) (c)
Figure 5.3: (a) SEM micrograph, (b) Al, and (c) Si EDS maps of synthesized
aluminosilicate particle, with Si rich region encircled in red
5.4.2 Surface area and morphology
Nitrogen adsorption and desorption isotherms are shown in Figure 5.4. The specific
surface area was observed to be 157m2/g. The isotherms and surface areas measured
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are noted to be very close to the aluminosilicate synthesized by Walkley et al [93].
SEM micrograph (Figure 5.5) shows that the aluminosilicate particles possess an angular
morphology, which is typical of crushed powders.
Figure 5.4: Nitrogen adsorption and desorption of synthesized aluminosilicate
Figure 5.5: SEM micrograph of the crushed aluminosilicate particles
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5.5 AlSi-NaOH geopolymers: Results and Discussion
5.5.1 Comparison to MK-NaOH geopolymers
Isothermal calorimetry and FTIR spectra were used to understand the differences
between geopolymers derived from synthetic aluminosilicate (Si/Al=1.00) and metakaolin
(Si/Al=0.98). The metakaolin and the synthetic aluminosilicate were clearly different in
terms of local molecular structure and surface areas. The synthetic aluminosilicate had
surface areas an order of magnitude greater than metakaolin, while NMR and SEM-EDS
revealed the presence of silicon rich regions in the microstructure.
Adding NaOH solution to the synthesized aluminosilicate, there was a rapid increase
(within first 30s) in the temperature of the mixing cup with slight stirring, analogous to what
is observed when NaOH pellets are dissolved in water for concentrated NaOH solutions. This
observation, combined with the fact that the AlSi precursor has high surface area makes it
clear that rapid dissolution of the precursor is taking place. The isothermal calorimetry
data for AlSi geopolymers in Figure 5.6 also exhibits higher heat evolution compared to
metakaolin geopolymers before 9h, confirming rapid rate of reaction.
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Figure 5.6: Isothermal calorimetry data for AlSi-NaOH and MK-NaOH geopolymers
FTIR spectra at 1d in Figure 5.7a for the AlSi-NaOH and MK-NaOH geopolymers
show significant differences, with two asymmetric Si-O-T (T=Si/Al) stretching peaks being
observed in the AlSi geopolymers. Figure 5.7b makes it clear that the shoulder at 1100cm−1
for AlSi-NaOH-1d spectrum is coming from unreacted aluminosilicate precursor. Therefore,
the presence of two asymmetric stretching peaks (at 1018cm−1 and 968cm−1) means that
there are two silicon environments in the geopolymer product dervied from the AlSi
precursor. This observation, the fact that the AlSi precursor dissolves rapidly, and the
presence of a Si-rich phase in the precursor implies that there is an incongruent dissolution
of the synthesized aluminosilicate. It is likely that silicon is being preferentially dissolved out
over aluminum, leading to the formation of a phase separated, silicon rich, aluminosilicate
gel (indicated by the peak at 1018cm−1) within the geopolymer at early age (<1d).
Figure 5.7b shows that the peak at 968cm−1 coincides closely with the peak
for geopolymer product obtained from metakaolin, which means that the second silicon
environment (with more aluminum substitution, at 968cm−1) belongs to the product
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observed in metakaolin geopolymers. FTIR spectra for the MK-NaOH geopolymers from
4h to 70d shows a single peak, and the peak position is always within the range of
968-975cm−1, which means this environment is the thermodynamically preferred product for
the mix stochiometry. Therefore, the Si-rich geopolymer gel is probably a metastable phase
which transforms into the geopolymer product typically observed in MK-NaOH geopolymers.
Indeed, Figure 5.7c shows that with increasing age, the peak intensity ratios at 1018cm−1
to 968cm−1 decrease. As a side note, unlike in some of the other spectra presented in this
thesis, none of the IR spectra in Figure 5.7 have been normalized. Normalization cannot be
carried out because the presence of two asymmetric stretching peaks leads to ambiguity in
deciding the abscissa to be used for normalizing any two spectra. The analysis reported here
only utilizes the relative differences in the ratio between peak intensities at 1018cm−1 and




Figure 5.7: FTIR spectra comparing (a) MK and AlSi geopolymers at 1d, (b) AlSi
precursor and geopolymer derived from the precursor at 1d, and (c) AlSi geopolymers at 1d
and 7d
5.5.2 Seeding in AlSi-NaOH geopolymers
Adding 5% SiO2 and zeolite X displayed pronounced retardation on the kinetics of
AlSi-NaOH geopolymerization, as shown in Figure 5.8. Considering addition of SiO2, it
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was discussed that the role of silica was to provide nucleation sites and promote growth in
the geopolymer product. However, the incongruent, rapid dissolution of Si from the AlSi
precursor implies that there will be excess Si over Al in the pore solution. This lack of Al in
solution implies that gel polymerization and growth will slow down (limited by availability
of Al species in solution), as discussed in Sec. 4.3.2. Therefore, the reduction in the rate
of reaction due to addition of external SiO2 in activator solution is not surprising, and
is explained by our previous hypotheses. However, the behavior of zeolite X is difficult to
understand from calorimetry data alone, and is described with FTIR spectra in the following
paragraph.
Figure 5.8: Isothermal calorimetry data for AlSi-NaOH mix and mixes seeded with 5%
SiO2 and zeolite X
Before proceeding further, the hypothesis tested in this paragraph is the fact
that zeolite X only nucleates the growth of the geopolymer product observed in
MK-NaOH geopolymers. Zeolite X seed addition was observed to decelerate the AlSi
geopolymerization strongly in the first 48h. FTIR spectra in Figure 5.9 shows that
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peak intensity ratios at 1018cm−1 and 968cm−1 to be decreasing in the following order:
AlSi-NaOH-1d>AlSi-NaOH-5% zeolite X-1d>AlSi-NaOH-7d. This observation implies that
more of the metakaolin geopolymer-like product is forming in the zeolite X seeded binder
compared to the unseeded mix at 1d, confirming our hypothesis that the zeolite X seed
indeed nucleates the growth of geopolymer product. No clear proof can be obtained to as to
why such slow kinetics are observed upon seeding with zeolite X. The following hypothesis
is offered as an explanation.
It is clear from Figures 5.6 and 5.7a that the AlSi-NaOH geopolymers react rapidly to
form a silica rich geopolymer product along with lesser amounts of the typical geopolymer
observed from MK-NaOH binders, in the first 24h. The presence of zeolite X probably
imposes a constraint on the reaction to form the MK-NaOH type geopolymer product,
which is not kinetically favorable for the AlSi-NaOH geopolymers. Therefore, the reaction
drastically slows down since more aluminum has to be dissolved out of the AlSi geopolymers
to form the MK-NaOH-like geopolymeric product.
On a separate note, the AlSi precursor system is not well explored and several
fundamental studies such as leaching (or dissolution) to quantify release rates of Si and
Al, along with NMR and long term calorimetry needs to be carried out. Such experiments
were not carried out since it goes beyond the scope of this study. It is clear that this binder
system offers promise in yielding more experimental information about geopolymerization in
general.
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Figure 5.9: FTIR spectra of AlSi geopolymers at 1d and 7d, along with spectrum of
AlSi-5%Zeolite X seeded geopolymer at 1d. Based on peak intensity ratios at 1018cm−1
and 968cm−1, it is clear that more of the MK-NaOH geopolymeric product (w.r.t Si-rich
geopolymer) is formed at 1d upon zeolite X addition, in comparison to AlSi-NaOH-1d
5.6 Conclusions
The following conclusions were obtained from this chapter.
 An amorphous aluminosilicate with an Si/Al ratio of 1.0 was successfully synthesized.
Despite possessing the same Si/Al ratio as metakaolin, the precursor was observed to
be different from metakaolin, as observed through microchemical analysis and NMR
spectroscopy. The synthesized aluminosilicate possessed two phases, one relatively
richer in silica than the other. Surface area of synthesized aluminosilicate was one
order of magnitude higher than that of metakaolin.
 Reaction with NaOH led to extremely high heat generation, indicative of rapid
dissolution. Geopolymer product formed was observed to be composed of two phases,
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one richer in silica relative to the other. FTIR indicated that the low silica geopolymer
product was similar to the product obtained from MK-NaOH geopolymers. The
formation of two products was believed to be due to incongruent dissolution of
precursor, with Si being preferentially dissolved over Al. FTIR revealed that the Si
rich phase was formed at early age (≤1d). The intensity of its corresponding Si−O−T
asymmetric stretching peak decreased over time, relative to the asymmetric stretching
peak of the MK-NaOH-type geopolymer product.
 The role of SiO2 as a nucleation seed and presence of dissolved alumina as a
limiting factor for growth was proved by applying the hypothesis derived from
the previous chapter to geopolymers prepared from a synthesized aluminosilicate
precursor. Excess Si is clearly present in the pore solution of AlSi-NaOH geopolymers
at the time of mixing, due to rapid, incongruent dissolution which consequently
leads to a growth-controlled geopolymer reaction. The addition of SiO2 through the
activator solution therefore reduces the rate of reaction, since the growth controlled
geopolymerization is limited by the availability of dissolved alumina.
 The seeding effect of zeolite X was also proved using FTIR spectroscopy, which revealed
the ability of zeolite X seed to promote the formation of MK-NaOH-type geopolymer
product over the silica-rich geopolymer product observed in the AlSi-NaOH geopolymer
binder. However, the formation of the MK-NaOH-type product is not kinetically




Consequences of external seeding
6.1 Introduction
In this chapter, the effects of nucleation seeding was characterized by using the
Avrami equation to model nucleation kinetics. Isothermal calorimetry data presented in
Chapter 4 was used as experimental data for Avrami modeling. The Avrami model has
been applied previously in studies involving the characterizing the hydration of cement or
tricalcium silicate (C3S) [64, 94–96] through isothermal calorimetry. However, the use of
Avrami equation to model cement hydration has a fair share of concerns, as highlighted by
multiple studies [64, 97]. The Avrami model assumes that nucleation is spatially random,
whereas for cement hydration, it has been well established that nuclei form preferentially on
cement (or C3S) particle surfaces [98]. Cement hydration process is a complex process, with
the kinetics being controlled by multiple rate-controlling steps at different temporal steps. If
the rate of diffusion of reactants to the reaction site becomes rate controlling (which is known
to happen in the later stages of cement hydration [98]), the Avrami model is no longer valid
[64]. The Avrami fit parameters are also observed to be different from theoretical values
[64]. Fit parameters obtained in this study are compared between control vs. seeded mixes
only, and no emphasis is placed on the “absoluteness” of the value obtained.
Literature has shown that some consequences of seeding in geopolymer binders include
strength improvement [13], microstructural refinement [13], and spatial changes in Si and
Al elemental distribution of geopolymer gel [13, 59]. Therefore, the effects of adding 5%
zeolite X and 5% SiO2 on porosity, strength and crystalline phase composition were also
investigated on the MK-NaOH geopolymers. SiO2 and zeolite X seeds were chosen since
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they had the greatest effect on reaction kinetics, when compared to zeolite A and TiO2.
To determine if seeds can affect the chemical nature of products forming from
MK-NaOH binders, XRD patterns were collected on the seeded and control binders. While
the chemical structure of the amorphous geopolymer gel is hard to characterize, crystalline
zeolites forming from MK-NaOH upon aging can be characterized easily through XRD.
Therefore, XRD patterns were collected at 28d, 56d and 70d (since MK-NaOH control
was observed to form zeolite X and zeolite A at around 28d under sealed conditions at
22◦C). Changes in XRD patterns would indicate that the seeding generates new kinetically
or thermodynamically accessible products.
Microstructural refinement can be characterized through porosity measurements of
seeded and un-seeded MK-NaOH binders at early age (≤7d). Typical methods for measuring
porosity on cement based binder materials have been described in detail elsewhere [99, 100].
Some of the simplest porosity measurements include saturating oven dried specimens with
non-reacting organic solvents like methanol and isopropanol [99]. However, oven-drying can
damage the microstructure of binder materials and remove chemically bound water as well
[101]. Therefore, less severe methods of drying such as solvent exchange and freeze drying
are typically used to preserve the microstructure. Helium pycnometry has also been used to
measure the porosity of cement binders [102]. Apart from these methods, mercury intrusion
porosimetry (MIP) [99, 102] and backscattered scanning electron microscopy [100] have also
been employed to quantify porosity in such materials. The advantage of these two methods
is that it offers an estimate of pore-size distribution, however, the pore-size distribution from
MIP is known to be inaccurate due to the bottleneck effect [103].
In this study, approximate measurements of porosity were obtained through
SEM-BSE at 1d and 7d age. Attempts to supplement the SEM-BSE porosity values with
helium pycnometry led to questionable results and a description of these attempts are
presented in the Appendix C. Compressive strength results at 1d, 7d, 28d, 56d and 70d
are also presented to investigate any practical benefits of external nucleation seeding on the
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MK-NaOH binder.
6.2 Materials and methods
The metakaolin-sodium hydroxide geopolymers were prepared in the same manner as
described previously in Sec. 4.2.1. Seed synthesis and its dispersion in NaOH solution was
described in Chapter 3. AlSi-NaOH geopolymers were prepared with the same stochiometry
as those of MK-NaOH geopolymers. 20g AlSi was mixed with 7.15g of NaOH pellets and
20.26g water to form the paste used in isothermal calorimetry. As before, the NaOH solution
was prepared beforehand and the mixing was carried out with the powder and activator
solution at room temperature. The same motorized shear mixer (DrinkMaster, Hamilton
Beach) was used to mix the AlSi-NaOH pastes for 4mins.
6.2.1 Avrami modeling
The Avrami model was applied to isothermal rate of heat evolution data from the
control MK-NaOH mix, and other mixes seeded with 1%TiO2, 5% SiO2 and 5% zeolite X. A
four parameter Avrami equation (Eq. 6.1) described in literature [64, 95] was used. Curve
fitting was carried out in OriginPro, using the Levenberg-Marquardt iteration algorithm.
Tolerance was set by limiting the chi-squared value to less than 1× 10−9.
R = Anknavr(t− t◦)n−1 exp(−[kavr(t− t◦)]n) (6.1)
where, R is the rate of reaction (or rate of heat evolution from calorimetry); A is a
normalization constant, t◦ is the delay between the time of mixing and onset of nucleation
and growth kinetics, and kavr is the effective rate constant, combining rate constants for
nucleation, growth and diffusion processes (which are assumed to remain constant) during
the kinetic process [64, 94].
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Based on the description of geopolymerization processes in Chapters 2 and 4, it is
clear that the metakaolin dissolution process beginning from time t=0 lead to presence of
silica and alumina monomers in solution. The formation of small cyclic aluminosilicate
species (which were described to be nuclei for geopolymer growth in Chapter 2 and 4) is a
very rapid process occurring in the scale of milliseconds, as described by North and Swaddle
[56]. Therefore, t◦ in Eq. 6.1 was set to zero during curve fitting. In a previous study, t◦ was
set to zero for modelling hydration kinetics of rapidly dissolving C3S with surface area of
0.7m2/g [94]. For comparison, metakaolin used in this study had a surface area of 14m2/g.
The discussion in Sec. 4.3.2-4.3.4 illustrates that similar to cement hydration,
geopolymer reaction kinetics are controlled by different rate controlling mechanisms at
different time intervals. Adding seeds was observed to affect the second rate peak, which
indicated that it is related to nucleation and growth processes. Therefore, a section of the
rate peak was used to fit Eq. 6.1. The lower and upper time bounds for the section were
chosen arbitrarily, based on whether an Avrami fit was obtained with the data. For example,
the data-set used for fitting Avrami model on MK-NaOH is shown in Figure 6.1. It should
be noted that a similar procedure has been adopted for while modeling cement hydration
kinetics through Avrami equations [64, 94].
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Figure 6.1: Section of rate of heat evolution data for MK-NaOH used for fitting the
Avrami equation (red) within the entire calorimetry dataset (black, dotted)
6.2.2 SEM-BSE porosity measurements
SEM-BSE measurements to quantify porosity of cement based binders involve an
epoxy-impregnation procedure of the sample to preserve the microstructure during polishing,
and also to ensure that contrast is generated between the calcium phases (cements) and pores
[100]. The epoxy filled pores ensure that incident electron beam do not lead to backscattered
electrons being ejected from the pores. This procedure of measuring porosity cannot be
adopted for measuring porosity in metakaolin geopolymers, since there is little difference
between the backscattering coefficient of epoxy (carbon) and sodium-aluminosilicates [70].
Therefore, there is barely any contrast between epoxy and aluminosilicates, as illustrated in
Figure 6.2.
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Figure 6.2: SEM-BSE micrograph of epoxy impregnated sample, with plain epoxy on the
right side and a portion of the epoxy impregnated aluminosilicate seen on the left. No
contrast difference is observed
To address this issue, the samples were partially epoxy impregnated to aid in
polishing, and backscattered electron images were taken in the non-impregnated region. This
resulted in the pores showing up in absolute black, which enabled the use of image analysis
to estimate porosity. This method suffers from drawbacks, since there is no knowledge
of whether the microstructure in the non-impregnated region is getting affected due to
polishing. In addition, there is no solid to prevent backscattered electrons coming out of
the pores. Errors due to such an effect were partially addressed by using a low accelerating
voltage of 8kV, which leads to a low interaction depth and therefore limits BSE electron
emissions from deep inside the sample. The parameters described can be factored into Eq.





where, R is the interaction depth (µm), A is atomic weight (g/mol), Z is atomic number,
ρ is density (g/cm3), assumed to be 2g/cc, which is common for crystalline derivatives of
MK-NaOH geopolymer, zeolites A and X [104]. This leads to an approximate interaction
depth of 1µm, which indicates that the black regions in BSE-SEM micrographs are atleast
1µm deep.
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Therefore, the porosity values from this procedure are not absolute and should
be treated with caution. However, the effect of seeding was prominent enough to be
distinguishable visually, and the porosity percentages presented will serve as an aid to
compare the differences in porosity between the un-seeded and seeded samples. Pore size
distribution data is not presented owing to the errors associated with this measurement.
For porosity measurements, geopolymers were poured in cylindrical molds of 0.5in
diameter and 1in height. The samples were demolded after 1d, and were sealed off till testing.
Geopolymerization was stopped by immersing the samples in ≈50ml acetone-methanol
solvent (1:1 by volume) in a vacuum dessicator, under 20in Hg vacuum pressure for 24h.
Subsequently, the samples were transferred to 50ml of fresh acetone-methanol and submerged
for another 24h. After the solvent exchange, the samples were dried in the same dessicator,
and then used for preparing SEM samples. Control, 5%SiO2 and 5% zeolite X seeded samples
were analyzed at 1d and 7d age.
For porosity measurement, two different samples of the same composition were
partially epoxy-impregnated using a low viscosity two-part epoxy (EPO-TEK 301, Epoxy
Technology). A fresh section was exposed using a low speed diamond saw (Buehler Isomet),
and ground using SiC paper with grit sizes 600, 800, 1000 and 1200. Subsequently, 15
SEM-BSE micrographs were taken at random locations for each sample, leading to a total
of 30 images per mix, with each image covering an area of ≈50×38µm.
Image analysis was carrued out with ImageJ. The Otsu algorithm was used to
determine the threshold between solid (light) and pores (dark). Subsequently, an erode
and dilate process was applied to remove individual and small clusters of pixels within the






Figure 6.3: a) SEM-BSE micrograph of MK-NaOH-1d, (b) after applying threshold as per
Otsu algorithm, (c) after applying erode and dilate process, following which porosity
percentage (dark region) is calculated
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6.2.3 X-Ray diffraction
XRD patterns were collected on a Siemens-Bruker D5000 diffractometer using Cu-Kα
radiation, with the patterns being recorded from 5 to 70◦ 2θ at a rate of 1◦ per min. XRD
patterns were collected for control, 5%SiO2 and 5% zeolite X seeded samples at 28d, 56d
and 70d age. The solvent exchange method using acetone-methanol was used to stop the
geopolymer reaction. ZnO was used as internal standard, and was mixed in a ratio of 1:3
(ZnO:Sample, by wt.). Both the sample and internal standard were sieved through a 125µm
sieve, following which, the internal standard and sample were lightly ground for 5 minutes
to ensure even dispersion of ZnO throughout the sample. A single crystal Si holder was used
for carrying out the measurements to avoid background noise from the holder.
6.2.4 Compressive strength
Compressive strength measurements were carried out using 1 inch cubes. The
geopolymer paste was introduced in three layers, and each layer was compacted by placing
the mold on top of a flow table and cycling it 50 times. The flow table is typically applied for
measuring slump flow of cement pastes and mortars, and is described in ASTM C230 [105].
Strength tests were carried out on an Instron load frame equipped with a 10kN static load
cell, at a constant displacement rate of 1mm/min. Mean compressive strength for 12 cubes
were reported. All the samples were demolded 1d after casting, and were kept at 22◦C, in a
sealed condition before and after demolding.
6.3 Results and Discussion
6.3.1 Avrami modeling
The Avrami parameters obtained by fitting Eq. 6.1 to calorimetry data are presented
in Table 6.1, and fitted curves are illustrated in Figure 6.4. Similar to what is observed in
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Avrami curve-fits of cement hydration, the Avrami equation fits the second rate peak in
MK-NaOH geopolymerization. However, the Avrami equation fails to model the reaction
after ≈6-8h, which is indicating that the reaction goes into growth controlled kinetics, limited
by dissolution of precursor and/or diffusion of Si and Al species. These two observations
agree with the mechanistic description of geopolymerization kinetics, thereby strengthening
the proposed kinetic mechanism in Figure 4.7.
The reaction rate constant, kavr shows the expected relative trends upon seeding,
with the 5% SiO2 and zeolite X seeded mixes showing a higher rate constant relative
to control. Since the constant Kavr is derived from a combination of multiple processes
(nucleation, diffusion, etc.), it cannot be clearly judged to as to whether the acceleration is
solely due to nucleation. However, considering the case of zeolite X, which was considered
to be inert in NaOH solutions, the reaction can only be accelerated if a seeding effect is
considered. The rate constants between zeolite X and SiO2 are observed to be the same,
despite the fact that the latter mix generates a much higher rate of heat evolution than
zeolite X in the first 24h. Since growth kinetics are clearly accelerated upon SiO2 addition,
the combined rate constant comparison indicates that zeolite X acts as a better nucleation
seed, as hypothesized within the discussion in Sec. 4.3.4. Avrami fit parameters on TiO2
seeded mixes showed similar kavr compared to control.
Table 6.1: Avrami parameters for fitting Eq. 6.1 to isothermal calorimetry data
Sample A (J/g) n kavr (hr
−1)
MK-NaOH 0.0240 1.423 0.07828
MK-NaOH-1%TiO2 0.0267 1.334 0.07719
MK-NaOH-5%SiO2 0.0269 1.557 0.11673




Figure 6.4: Avrami fits (red, dotted) for a) MK-NaOH, and MK-NaOH seeded with (b)
1%TiO2, (c) 5% SiO2 and (d) 5% zeolite X. Experimental calorimetry data in black
6.3.2 SEM-BSE Porosity measurements
The porosity obtained from image analysis of the SEM-BSE micrographs is presented
in Figure 6.5. The results clearly show that the addition of 5% SiO2 and zeolite X decreases
porosity, an effect which is consistent with external nucleation seeding in both cement and
geopolymer binders [13, 14]. As described earlier, the porosity percentage values may not be
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accurate, owing to procedural issues in generating contrast between voids and the sample.
However, metakaolin geopolymers with Si/Al ratio of 1.4 have been observed to yield porosity
(measured through mercury intrusion porosimetry) values in the order of 30-40% after 85◦C
curing for 2h [106]. Other low-silica metakaolin geopolymers have been observed to possess
porosity around 40% [107], at 1d age. The data from literature therefore suggests that the
values in Figure 6.5 are not wildly inaccurate. Irrespective of the porosity values in different
samples, SEM micrographs in Figure 6.6 show clear proof of microstructure refinement taking
place as a consequence of external seeding.
Figure 6.5: Porosity data from image analysis of seeded and unseeded MK-NaOH





Figure 6.6: SEM-BSE micrographs of MK-NaOH at (a) 1d, (b) 7d along with MK-NaOH




Zeolites A and X were observed to form in MK-NaOH geopolymers at ages ≥28d,
under sealed conditions at 22◦C. A similar report of faujasites forming in metakaolin-sodium
hydroxide geopolymers have been reported by Palomo et al., [108] demonstrating that the
geopolymers can turn into zeolites under ambient conditions. Faujasite formation has also
been observed in Class F fly ash-sodium hydroxide geopolymers cured at 30◦C for 100d [12].
Curing under elevated temperatures typically leads to shorter crystallization times [8].
XRD patterns in Figure 6.7 demonstrates that zeolite crystallization is delayed upon
seeding. At 28d, the control mix already shows the presence of zeolites A and X, whereas no
zeolite phases were observed in the 5% SiO2 and zeolite X seeded geopolymers. Literature
on zeolite nucleation during synthesis is vast and these studies lead to the conclusion that
zeolite seeds have differing effects in different systems [109–113]. For example, the addition
of zeolite A seeds removed the induction period observed during the synthesis of zeolite
A [114] and have been shown to accelerate the growth of zeolite A [111]. On the other
hand, the application of seeds in the synthesis of zeolite A from dilute aluminosilicate
solutions suppressed nucleation of new crystals and promoted the growth of seed crystals
[113]. Another study demonstrated that the seeding directs the formation of new zeolite
crystals [110]. A summary of nucleation in zeolites has been presented by Thompson [113],
while Cundy and Cox have presented a detailed review on the hydrothermal synthesis of
zeolites [115].
Owing to the widespread effects reported in literature, it is not possible to explain why
would the addition of SiO2 and zeolite X seeds suppress zeolite formation in geopolymers.
Rees et al., have shown that the Al2O3 seed can suppress the formation of faujasite in
fly ash-sodium hydroxide geopolymers but they provide little explanation to as to why
does alumina seed control the structure of zeolites forming in geopolymers. However, it is
mentioned that the kinetics of zeolite crystallization are extremely slow in geopolymer mixes
(at ambient temperatures) since re-arrangement of aluminosilicate species to form zeolites
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are constrained in geopolymer mixes, which have much lower H2O/SiO2 and much higher
OH–/SiO2 ratios. The ability of aluminosilicates to undergo re-arrangement probably linked
to the porosity of the hardened microstructure. This hypothesis is based off the observation
that high silica geopolymers (SiO2/Al2O3 = 3.8, as described in Figure 4.3), which are known
to possess low porosity values [20], did not form any zeolites upon ageing at 22◦C. Therefore,
the reduction in porosity due to seeding could have some role to play in the retardation
observed in zeolite crystallization upon seeding.
It should also be noted that the addition of SiO2 clearly promotes the formation of
zeolite X over zeolite A (with reference to the peak intensity ratio at 6◦ and 7◦ 2θ, which
corresponds to zeolite X and A respectively and is marked accordingly in Figure 6.7). This
increase in formation of zeolite X could be arising out of a thermodynamic preference for
zeolite X, which has Si/Al ratio >1, same as that of the 5% SiO2 seeded geopolymer (Si/Al
ratio of 1.07). The control mix has a Si/Al ratio of 0.96, similar to that of Zeolite A, which
has a fixed Si/Al ratio of 1. There may be other factors behind the preferential formation of
zeolite X, since it is hard to understand why a slight increase in Si/Al ratio beyond 1 cause a
drastic change in the relative proportions of zeolites A and X forming from the geopolymer.
Figure 6.7: XRD patterns of seeded and unseeded MK-NaOH geopolymers at 28d, 56d and
70d. Bragg diffraction peaks from ZnO (internal standard) are marked with an asterisk
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6.3.4 Compressive strength
Compressive strength data is presented in Figure 6.8 for the control mix and those
seeded with 5% zeolite X and 5% SiO2. As expected from the decrease in porosity at 1d and
7d, mean compressive strength for seeded mixes was observed to be higher at both 1d and
7d. Adding 5% SiO2 and zeolite X resulted in a strength improvement greater than 100%
of control at 1d age. At 7d age, the SiO2 mix exhibited ≈33% higher compressive strength,
and the zeolite X seeded mix showed a slight increase in mean compressive strength over
control. However, at 28d age, both zeolite X and SiO2 seeded mixes had significantly higher
strength (≈66%) than control.
At >7d age, the strength of control mix was shown to decrease slightly, and the
zeolite X seeded mix exhibited a large drop in strength from 28 to 56d. It should be noted
that crystallization was seen to occur in both these binder mixes (at age <28d for control,
and between 28-56d for zeolite X seeded mix) and crystallization is believed to cause a loss
in strength for some geopolymer binders [106]. XRD indicates that the addition of SiO2
led to a higher proportion of zeolite X over zeolite A, compared to control and zeolite X
seeded MK-NaOH binders. Therefore, the results in Figure 6.8 appears to indicate that the
formation of zeolite A is leading to a decrease in strength. However, no other conclusive
evidence of this fact is presented in this thesis.
For practical purposes, nucleation seeding alone (i.e. considering mix with zeolite
X) on the MK-NaOH geopolymer studied does appears to improve the amorphous product
significantly till 28d age since ≈66% higher strength was obtained upon seeding. In addition,
early age (<7d) increase in compressive strength was also observed. However, this fact needs
to be generalized by further testing on optimized, industrially relevant geopolymer mixes.
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Figure 6.8: Compressive strength of geopolymers with and without seeds; Standard
deviation from mean reported through error bars
6.4 Conclusions
The following conclusions can be made on the basis of the results and discussion
presented in this chapter.
 Avrami model demonstrated that zeolite X and SiO2 seeds can accelerate the
geopolymer nucleation and growth. Nucleation was shown to be enhanced upon zeolite
X addition (in comparison to SiO2 addition), whereas addition of SiO2 promoted
nucleation and growth of gel.
 Seeding with SiO2 and zeolite X caused a marked decrease in porosity at 1d age, which
consequently manifests in an increase in compressive strength at the same age. A lesser
extent of improvement in porosity was observed at 7d age, and compressive strength
was enhanced only in the case of SiO2 seeded mixes at the same age. 28d strengths for
both the seeded mixes were ≈66% higher, showing that external seeding could have
107
some practical relevance. However, it appears that crystallization can be accompanied
by strength loss in some cases, as observed in the zeolite X seeded MK-NaOH binder.
 XRD demonstrated that seeds retard zeolite crystallization, which was attributed to the
low porosity in seeded mixes. SiO2 seeds was observed to direct the formation of zeolite
X over zeolite A at 70d. Therefore, it was concluded that seeds are not accelerating




Salicylic acid extraction of aluminosilicates
This chapter is based on the jounral article draft for “Salicylic acid-methanol
extraction of aluminosilicates”, prepared for submission to the Journal of American Ceramic
Society. At the time of writing this thesis, the paper was not submitted yet. The NMR data
reported in the chapter has been obtained by Dr. Xu Chen at the University of Illinois,
and is included in this thesis for the sake of completeness. Dr. Leslie Struble served as a
co-adviser on this project along with Dr. Paramita Mondal. The chapter is slightly different
from the draft of the paper, with discussion on NMR spectra re-written.
7.1 Introduction
Salicylic acid-methanol (SAM) extraction is a chemical dissolution technique used
commonly in cement research to separate calcium silicates and free lime from anhydrous
clinkers and cements [116]. This selective dissolution technique has been popularly used
to study cement clinker morphology through electron microscopy and energy dispersive
spectroscopy [116] and to improve phase content measurements through x-ray diffraction by
removing interfering substances [117]. SAM solutions with certain salicylic acid-to-methanol
ratios have found applications in enriching belite by selectively dissolving alite [118].
In addition to anhydrous cement, hydrated calcium silicate hydrate (C-S-H) in other
cementitious materials can also be removed through SAM extraction. This was done to
measure parameters like dissolution extent of blast furnace slag in OPC-slag cements [119]
and characterize nature of hydration products formed in OPC-fly ash cements [120]. SAM
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extraction has also been verified to dissolve synthesized C-S-H gels, as seen in a study from
Garcia et al [121]. Their study also attempts to examine the nature of synthesized gels
such as N-A-S-H gel and an intermixed C-S-H + N-A-S-H gel, through infrared spectroscopy
(FTIR). SAM extraction was used to remove C-S-H from the mixed gel, but FTIR failed to
characterize the changes upon SAM extraction. It was also not clear whether an intermixed
C-S-H + N-A-SH gel was synthesized successfully, and therefore, no experimental evidence
was obtained on whether N-A-S-H gels are immune to SAM attack. Interestingly, SAM
extraction was not carried out on synthesized sodium aluminosilicate hydrates (N-A-S-H)
because the authors believed that soluble calcium complexes drive dissolution of calcium
silicates in SAM solution. Since N-A-S-H did not have any calcium, it was assumed to be
immune to SAM attack.
Based on the same assumption, that N-A-S-H is immune to SAM, a two-step selective
dissolution method was developed to characterize reaction products from alkali-activated
fly-ash slag binders [26]. These binders are known to be a convoluted product of mixed
C-S-H/C-A-S-H and aluminosilicate (N-A-S-H/K-A-S-H) gels [24–26], and the idea was to
use SAM extraction to remove C-S-H/C-A-S-H. Subsequently a HCl extraction was done on
the SAM residue to remove unreacted slag and geopolymer product. The removal of these
phases at each step was verified through FTIR and spectral subtraction [26].
In a more recent study [122], during the two-step dissolution tests on sodium-silicate
activated metakaolin geopolymers with external calcium, SAM removed C-S-H/C-A-S-H
and unexpectedly some Q4 silicate sites (which are associated with 3D structures, probably
in N-A-S-H containing gel). Uncertainties when assigning these Q4 sites as C-A-S-H were
discussed and found not to affect final conclusions of the study, but no evidence was provided
to understand how and why SAM removed the Q4 silicate sites [122]. In our current tests
(shown later), SAM extraction was seen to remove large quantities of a metakaolin-sodium
hydroxide paste (≈60% mass loss) despite metakaolin possessing negligible calcium. To the
best of our knowledge, there exists no explanation of the mechanism behind SAM extraction.
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This study has two objectives, i) to confirm that SAM can dissolve three-dimensional
aluminosilicates, ii) to understand the mechanism behind SAM dissolution of sodium
aluminosilicates. A metakaolin-NaOH geopolymer and three synthetic zeolites, A, X and
Y were used for characterizing the effects of SAM on aluminosilicates. These zeolites possess
Si/Al ratios comparable to the geopolymer, and have the same short-range structure as
geopolymers. The fact that zeolites are crystalline makes it easier to characterize the effects
of SAM dissolution. To understand the mechanism of SAM extraction, mass losses in
binders or zeolites were measured after SAM extraction and microstructural changes were
characterized through scanning electron microscopy (SEM). X-Ray diffraction (XRD) was
used to observe changes in crystalline structure of the zeolites while nanostructural changes
were examined by Fourier transform infrared spectroscopy (FTIR) and nuclear magnetic
resonance (NMR). Bulk chemical composition was measured by X-Ray fluorescence (XRF).
In the subsequent paragraphs, it will be proved beyond doubt that SAM indeed attacks
different aluminosilicates to various extents. The extent of attack was also revealed to be
controlled by silica polymerization state in the aluminosilicate structure, and this opens
the possibility of using SAM solution to characterize silica polymerization in no-calcium
aluminosilicates.
7.2 Experimental Methods
7.2.1 Materials and Sample Preparation
Reagent grade salicylic acid (Sigma Aldrich) and methanol (Macron Fine Chemicals)
were used throughout the study. Zeolite A synthesis was described in Chapter 3,
using reagent grade fumed silica (Sigma Aldrich), sodium aluminate (Sigma Aldrich),
sodium hydroxide pellets (Fischer) and Milli-Q (EMD Millipore) water. Zeolite X and
Y were procured as commercial molecular sieves (Alfa Aesar). The metakaolin used to
make geopolymers was procured from BASF chemicals. Metakaolin-sodium hydroxide
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geopolymer (MK-NaOH) was prepared with the same 1:1:1.9:13.6 (Na2O:Al2O3:SiO2:H2O)
molar stoichiometry as reported in Ch 4. At desired age, the geopolymer reaction was
stopped by crushing the solid binderin an agate mortar and pestle in the presence of
acetone-methanol [86]. The slurry was filtered using a Grade 1 Whatman Filter Paper
and Buchner funnel, following which it was dried in a vacuum desiccator at moderate
vacuum. This powder was utilized for all subsequent tests. The salicylic acid-methanol
extractions were carried out at room temperature which was noted to be within 20-22◦C
for all experiments. SAM extractions were run by following the procedure laid down by
Stutzman [117]: 4g of salicylic acid was dissolved in 60ml of methanol, into which 1g of
sample was added. Adsorbed water in methanol was not accounted for or quantified in the
SAM solution. The resulting solution was stirred for two hours on a magnetic stirrer and
filtered through a Grade 1 Whatman filter paper supported on Buchner funnels. Any residue
recovered was then dried at 105◦C and the weight loss was measured. The residue was also
run through XRD (in the case of zeolites), XRF and FTIR. HCl dissolution was carried
out on the metakaolin geopolymers following procedures reported previously, to quantify
unreacted metakaolin [26, 85]. Metakaolin was verified to be immune to SAM and HCl
dissolution, with no mass loss and no change being observed in FTIR spectra of metakaolin
before and after SAM and HCl extraction. In addition, NMR spectra (not presented here)
of residue from HCl extraction of metakaolin geopolymers was seen to be the same as that
of metakaolin. This shows that congruent dissolution of metakaolin takes place in NaOH
solutions.
7.2.2 Methods
FTIR was carried out on a Perkin Elmer Frontier spectrometer. An attenuated total
reflectance (ATR) accessory with a diamond crystal was used to carry out the measurement.
XRD was carried out on a Siemens-Bruker D5000 diffractometer. Patterns were obtained at
the rate of 1◦/min, with a step size of 0.02◦, X-ray emission current of 30mA and electron
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gun voltage of 40kV. Single crystal silicon holder was used to reduce background noise
in the powder diffraction pattern. Search and match for phase identification was carried
out on MDI Jade Version 9.6. Rietveld analysis was carried out using TOPAS Version 5.
Crystal structures were generated through VESTA, an open source software, using powder
diffraction cards and crystallographic information files. XRF was carried out on a Shimadzu
EDX-7000 instrument with a Rhodium x-ray source. The samples were analyzed in a
helium atmosphere and an in-built fundamental parameters method was utilized to generate
quantitative values. XRF results for the metakaolin and zeolites used in this study is shown
in Table 4.1 and 7.1 respectively. Solid-state 29Si direct polarization (DP) magic angle
spinning nuclear magnetic resonance (MAS NMR) tests were conducted on the zeolites
and geopolymer specimens before and after the SAM extraction using a Varian Inova
Spectrometer operating at 7.04 T. The pulse width was 2.5µs, a 90-degree pulse. Recycle
delay was 30s and number of scans was 2048 for each test. Solid-state cross-polarization (CP)
1H/29Si MAS NMR tests were conducted using the same spectrometer. The contact time was
optimized to show the highest intensity. Recycle delay was 4.0s and 1024 scans were acquired.
Table 7.1: XRF composition of zeolites, in oxide weight %
Material SiO2 Al2O3 Na2O
Zeolite A 42 35 23
Zeolite X 50 32 18
Zeolite Y 68 21 11
7.3 Results
The results are split into two sections. The first section covers the use of SAM on
zeolites, and the second covers its use on metakaolin-sodium hydroxide geopolymers.
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7.3.1 Zeolites
The structure of zeolite A has been described earlier in Sec 3.3.1. Our XRD patterns
do not indicate the presence of any other crystalline phase and NMR spectra does not
reveal any other silicon site apart from Q4(4Al) sites, proving that the synthesized zeolite
A is phase pure. Upon running the SAM extraction on zeolite A, 100% dissolution was
noted, which is quite contrary to the idea that SAM does not attack three-dimensional
sodium aluminosilicate phases. The previously colorless solution was also noted to turn
clear pink, confirming the occurrence of a chemical reaction. SAM extraction on zeolite X
led to incomplete dissolution with a mass loss of 23%. The same pink color was observed,
as seen earlier in the case of zeolite A. The solution was not clear, which confirms that full
dissolution of the zeolites was not attained.
XRD pattern of zeolite X and the residue obtained after SAM extraction are shown
in Figure 7.1, and the residue is seen to possess the same crystalline peaks, some of which
have reduced intensity. No shift was observed in the peak positions which indicates that
the lattice spacings of zeolite X are unaffected by the extraction. Infrared spectroscopy was
used to obtain additional structural information on the zeolite X and its residue. The FTIR
spectra presented in Figure 7.2 reveal two changes: the main peak from Si−O−T asymmetric
stretching (≈970 cm−1) is situated at higher wavenumbers, and a small peak was seen to
emerge around 830-900 cm−1. The former observation is well known to be a consequence of
increasing Si/Al ratio in zeolites [123] due to dealumination. The latter observation has been
seen to take place upon the formation of silanol groups in zeolite structures [123]. The peak
at 566 cm−1, attributed to vibration from D6R (double six-membered rings) groups, was
seen to be unaffected, indicating that the β-sodalite cages are still well linked to each other.
XRF analysis indicates that the SAM residue does not contain any sodium, and Si/Al ratio
has increased to 1.5 from 1.3, which confirms dealumination. Dealumination implies that
SiO−Al bonds are broken and this can explain the emergence of silanol (SiO−H) groups.
Analyzing the residue obtained from zeolite X through SEM (results not shown) did not
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show any change in the size or morphology of particles after SAM extraction.
Figure 7.1: XRD patterns of Zeolite X, before (black) and after (red) SAM extraction.
Intensity difference between the two patterns is also plotted (blue)
Figure 7.2: FTIR spectra of zeolite X before (black) and after (red) SAM extraction
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Subsequently, Rietveld refinement was carried out to gain further understanding
about the changes brought about by SAM extraction in the crystal structure of zeolite
X. The structure of zeolite X was refined based on the crystallographic information file from
PDF #97-006-5500. Subsequently, all the sodium sites in the refined structure were set to
zero occupancy, as per from XRF and the diffraction pattern of the zeolite was simulated in
Figure 7.3. Figures 7.1 and 7.3 are observed to exhibit similar trends, and the removal of
sodium accounts for several of the differences in peak intensities between zeolite X and its
SAM residue, most notably, the sharp decrease in intensity at 6◦ 2θ. Dealumination was not
accounted within the refined structure without sodium. Therefore, the difference patterns
(in blue) between Figures 7.1 and 7.3 are not expected to be the same. Rietveld refinement
details are provided in Appendix B.
Figure 7.3: XRD pattern of zeolite X with (black) and without (red) Na, with the latter
being obtained from Rietveld refinement. Intensity difference between the two patterns is
also plotted (blue)
29Si DP MAS NMR spectra in Figure 7.4 confirms dealumination, with Q4(4Al) and
Q4(3Al) peaks reducing in intensity after normalizing the NMR spectra of residue. All peak
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assignments were made with references to peak positions reported by Lippmaa et al [37].
Q4(2Al) and Q4(1Al) peaks were used to normalize spectra since these sites tend to remain
unaffected by SAM solution, as described in the subsequent paragraph. CP MAS NMR
spectra of SAM residue (not presented in thesis) showed increased intensity between -80 and
-83 ppm in compared to the corresponding DP spectrum, which indicates the presence of
Si−OH silanol groups, consistent with the FTIR results presented.
Figure 7.4: 29Si DP MAS NMR spectrum of zeolite X (black) and sam residue of zeolite X
(red). Spectra of residue was normalized to ensure equal intensity levels at Q4(2Al) and
Q4(1Al) peak positions for the two spectra
A third zeolite, zeolite Y was subjected to SAM extraction. This zeolite has the
same crystal structure as zeolite X, but possesses a higher Si/Al ratio, between 1.5-3.0 [77].
Zeolite Y with Si/Al ratios higher than 2.35 has been characterized to possess Q4(3Al)
and lesser Al substituted Si sites [77]. Si/Al ratio for the zeolite Y used in this study
was 2.7, which suggests that Q4(4Al) sites are absent. The zeolite was observed to be
completely immune to SAM extraction, as no changes in color of solution, FTIR spectra and
XRD patterns were observed. XRF composition remained unchanged before and after the
extraction as well. SAM solution was thus seen to attack aluminosilicates and the tendency
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to get attacked appears to be controlled by the Si/Al ratio, and hence the Si environment
within the aluminosilicate. Zeolite A, composed of Q4(4Al) silicon sites, was seen to be
dissolved completely, whereas zeolites with no Q4(4Al) sites remained unaffected by the
SAM solution. Zeolite X, which has some Q4(4Al) sites was seen to be attacked partially,
which specifically suggests that the presence of Q4(4Al) silicon sites controls reactivity of
aluminosilicates towards SAM attack.
7.3.2 Geopolymers
The mechanism of metakaolin-sodium hydroxide geopolymerization can be described
broadly as a solution mediated, two-step process: dissolution and polymerization [9, 28, 50].
HCl extraction of MK-NaOH was utilized to quantitatively determine the unreacted
metakaolin, and results are presented in Table 7.2, with standard deviation for four samples
presented as uncertainty. Isothermal calorimetry data for MK-NaOH in Figure 7.5 shows
that the reaction kinetics start slowing and the heat evolution rate is quite low after 3d.
This combination of calorimetry and HCl dissolution data makes it clear that dissolution
slows down from 1d to 7d; while polymerization of aluminosilicate is known to occur during
this time, it remains uncharacterized using these techniques.
Table 7.2: Mass losses in SAM extraction and unreacted metakaolin from HCl extraction
for MK-NaOH at 1d and 7d
Age of Sample SAM Mass loss (%) HCl Mass loss (%) Unreacted Metakaolin (%)
1d 58±2 60±1 40±1
7d 72±1 88±1 12±1
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Figure 7.5: Isothermal calorimetry data for MK-NaOH
At 1d, response of MK-NaOH to SAM extraction is the same as HCl extraction, with
both the extractions having the same mass loss. FTIR revealed the SAM residue to be
metakaolin. A pink color was again observed in the solution, similar to what was seen in
SAM extraction of zeolites. The pink color in SAM solution has also been observed when
powders containing C-S-H were extracted.
At the age of 7d, it was seen that SAM extraction could not remove the geopolymer
gel completely, and residue was not pure metakaolin. It is hypothesized that the structural
changes within the gel from 1d to 7d causes the gel to become more resistant to SAM
extraction. To identify these changes, FTIR spectra of MK-NaOH (Figure 7.6) were analyzed
at 1d and 7d. For this study, band assignments are made only for peaks between 1200-850
cm−1 using data for low-silica zeolites [123], and the literature review by Rees [124]. In
Figure 7.6, the asymmetric stretching peak of Si−O−T bonds at 1071cm−1 in raw metakaolin
shifts to 975cm−1 in the 1d spectrum. At 7d, the peak position is located at 967cm−1.
This decrease in peak position is usually linked to greater aluminum substitution, or to low
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silica polymerization. This analysis is valid when no other process other than aluminum
incorporation or silica polymerization is involved. However, dissolution still takes place in
these binders. The main peak of metakaolin, observed as a shoulder (indicated in Figure
7.6) at 1d is barely visible at 7d. The observation was supported by HCl dissolution data,
which confirms further dissolution of metakaolin from 1d to 7d. The formation of geopolymer
gel species could also result in the slight decrease of main peak position from 975cm−1 and
967cm−1 and thus it is hard to interpret any changes from main peak positions alone. The
small peak centered at ≈850cm−1 could be due to presence of silanol groups (Si−O– or
Si−OH) and/or lattice vibrations in aluminum tetrahedra. As discussed by Rees [124], it is
hard to interpret peaks in the region of 500-800 cm−1, since they could be generated from
ring vibrations or symmetric stretching of SiO−T bonds. Nevertheless, slight differences were
observed in the three peak positions (marked with vertical arrows in the normalized spectra
within Figure 7.6) at intensities below 850cm−1 for the 1d and 7d geopolymer spectra.
Figure 7.6: FTIR of Metakaolin (black), MK-NaOH at 1d (red) and 7d (blue). Normalized
spectra are presented on the top left. Dashed black line indicates the position of
asymmetric stretching peak at 1071cm-1 for metakaolin
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Figure 7.7 reveals that the main peak position for MK-NaOH at 7d increased from
965cm−1 to 1017−1 upon SAM extraction. XRF analysis shows that the Si/Al ratio remains
the same before and after the extraction while the Na/Al ratio has reduced from 1.0 to 0.3.
Thus, aluminosilicate gel with a Si/Al ratio of 1 was removed from the geopolymer. The
response from unreacted metakaolin was thus magnified and contributes to peak intensity at
higher wavenumbers as observed in the spectra. The difference in response to SAM attack
between MK-NaOH at 1d and 7d is clearly arising from the structural changes resulting
from the ongoing dissolution and polymerization. NMR spectroscopy is thus utilized to
characterize these structural changes in the geopolymer.
Figure 7.7: FTIR of Metakaolin (black), MK-NaOH at 1d (red) and 7d (blue). Normalized
spectra are presented on the top left. Dashed black line indicates the position of
asymmetric stretching peak at 1071cm-1 for metakaolin
The 29Si MAS NMR spectrum of the MK-NaOH-1d (not shown) was found to contain
Q4(4Al) geopolymer product and unreacted metakaolin. The residue was observed to be
unreacted metakaolin, which confirms that the Q4(4Al) geopolymer was removed by SAM
extraction. The 29Si MAS NMR spectrum of MK-NaOH-7d and its SAM residue are shown
121
in Figure 7.8a. The two spectra were normalized to show the same intensity in the region
between -110 and -120ppm, which is attributed to the unreacted metakaolin and is expected
to show the same intensity between these two spectra.
The NMR spectrum of the SAM residue was further deconvoluted as shown in Figure
7.8b. Two peaks were first assigned to metakaolin (blue). Cross-polarization spectrum (not
shown) indicated a peak at -83 ppm, which falls in the range of peak positions for Q4(4Al) and
Q3(2Al) silicon sites. Therefore, the MK-NaOH-7d SAM residue was deconvoluted further
by adding one peak with the same width and chemical shift as observed in the CP spectrum.
Height of the peak was determined by ensuring a good fit within the range of -70 to -80ppm.
Subsequently, another peak was added and assigned to Q4(3Al) to achieve a good fit, as
shown in Figure 7.8b.
A separate attempt on deconvolution (not shown) was carried out by introducing a
Q4(4Al) peak with the same width and position as the Si site removed by SAM, obtained
by subtracting the two spectra in Figure 7.8a). This lead to three aluminosilicate peaks in
addition to the two metakaolin peaks in the deconvoluted spectrum. The highest intensity of
Q4(4Al) that could be achieved (while maintaining a good fit) was ≈12% of the total intensity
of the SAM residue. Therefore, the SAM residue at 7 days clearly possesses multiple Si sites
in addition to the unreacted metakaolin. Some Q4(4Al) sites could still be present but their




Figure 7.8: 29Si DP MAS NMR spectrum for a) MK-NaOH-7d (black) and corresponding
SAM residue (red). (b) shows the deconvoluted spectrum for the SAM residue, which
contains an aluminosilicate (red), unreacted metakaolin (blue) and the residual spectrum
(gray)
7.4 Summary and Discussion
SAM extraction on zeolite A which consists only of Q4(4Al) sites led to complete
dissolution, whereas zeolite X which primarily possessed Q4(4Al) and Q4(3Al) silicon sites,
was partially dissolved. Zeolite Y with very little Q4(4Al) sites [37] remained unaffected
in SAM solution. Therefore, zeolites with Q4(4Al) sites are attacked by the SAM solution.
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The results from SAM extraction on the MK-NaOH geopolymer are reminiscent of the
observations seen from SAM extraction on zeolites A and X. Geopolymer product formed at
1d was revealed to consist only of Q4(4Al) silicon sites and was completely removed by SAM
extraction, leaving behind metakaolin residue. However, at 7d, structural changes in the
geopolymer led to the formation of Q4(3Al) and Q3(2Al) silicon sites. NMR revealed that
SAM extraction led to the loss of Q4(4Al) Si sites, and the residue obtained after dissolution
was no longer metakaolin.
Trends similar to the effects of SAM on zeolites were observed by Hartman and
Fogler while studying the dissolution of zeolites in mineral acids [125]. Zeolite A was
seen to dissolve completely in concentrated HCl (pH<1). Zeolites with higher Si/Al ratios
such as analcime and Zeolite Y were seen to dissolve non-stoichiometrically, with aluminum
being preferentially removed from the aluminosilicate framework. Their studies led to the
conclusion that the dissolution was controlled by the presence of aluminum sites on the
zeolite framework and was independent of the structure or framework of the zeolite itself.
The observation of dealumination bears some similarity to what is seen from SAM extraction
on Zeolite X. However, it is hard to describe acidity of salicylic acid in methanol (acids are
described typically for aqueous solutions). Nevertheless, pH of SAM solution was measured
to be 1.75. For reference, a saturated solution of salicylic acid in water (solubility being
2.55g/L of water at ambient temperature [126]) was observed to have a pH of 2.6. An
additional experiment was conducted to verify if the SAM extraction is driven by its acidic
character. Methyl salicylate (the methoxy ester of salicylic acid) was added to methanol in
the same molar ratio as that of salicylic acid and methanol. The pH of the resulting solution
was 5.6, much higher than that of SAM solution, since the acidic hydrogen in carboxylic
acid is replaced with a non-acidic methoxy group. Zeolite X and MK-NaOH-7d geopolymer
was observed to be immune to this methyl salicylate-methanol solution, which proves that
the acidic hydrogen in the SAM solution plays a critical role in aluminosilicate dissolution.
However, two observations remain unexplained: i) The selective removal Q4(4Al) Si sites in
zeolites and geopolymers, and ii) incomplete removal of Q4(4Al) sites in the zeolite X.
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To answer the first question, the Brönsted acidity of zeolites has to be understood.
Brönsted acidic sites are developed in SiO2 tetrahedral structures when the Si
4+ is substituted
by Al3+, leading to a negative charge developing in the lattice. This negative charge is
compensated by a proton attached to the oxygen atom connecting neighboring Si and Al
atoms. This Si−(OH)−Al group is called the “bridged hydroxyl group” and is responsible
for the Brönsted acidity of zeolites and a schematic is shown in Equation 7.1. [127, 128]
Si−(OH)−Al −−⇀↽− Si−O−Al− + H+ (7.1)
The chemical composition of aluminosilicates leads to a variation in the Brönsted acid
strength of protons associated with bridged hydroxyl groups in the aluminosilicate. The total
number of acidic sites depends on the Si/Al ratio in the aluminosilicate, with one proton being
theoretically available for every Al3+ site. A decrease in Si/Al ratio has been observed to lead
to an increase in stretching wavenumbers and chemical shift of the proton associated with the
O−H bond in 1H MAS NMR spectrum [127]. In addition to experimental evidence, ab initio
computations showed a decrease in the proton bond dissociation energy with increasing Si/Al
content. Consequently, the acid strength of a given bridged hydroxyl group is controlled by
the number of aluminum atoms in the next nearest neighbour (NNN) positions to the Al
atom in the bridged hydroxyl group [127–129]. Therefore, the introduction of a weak acid
like salicylic acid-methanol leads to the replacement of charge balancing sodium ions with
protons. The covalent character of the O−H bond will increase with decreasing acidity
(lower acidity means equilibrium of the reaction in Eq. 7.1 will lie to the left) and this will
consequently weaken the Al-O bond [128]. On the other hand, zeolite Y with stronger acidic
sites than zeolite X, owing to its higher Si/Al ratio, forms Si−O−Al– . This structure is
strongly bound to the Na+ cation and therefore, the cation is not replaced with the proton
from salicylic acid. Zeolite Y, was therefore observed to be unaffected by SAM extraction.
Therefore, the variation in Brönsted acidity of Q4(4Al) to Q4(0Al) sites is the likely reason
behind the observation of selective removal of Q4(4Al) Si sites.
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Subsequently, the weakening of Al-O bond enables the conjugate base of the salicylic
acid to attack and remove Al by chelation. Such a mechanism is observed by other weak
organic acids and chelating agents used for the dealumination of zeolites [130–132]. The
importance of chelation will be used to understand the partial removal of Q4(4Al) sites in
zeolite X. Prior to that, the existence of a chelating effect in the SAM dissolution mechanism
was proven by dissolving the zeolite X in acetic acid-methanol solution with a pH of 1.75
(Acetic acid cannot form a bidentate complex like salicylic acid). A mass loss of 9% was
observed, which, compared to 23% mass loss in the case of SAM solution clearly proves
that chelation by salicylic acid is instrumental in the dealumination mechanism. Salicylic
acid has been observed to form bidentate complexes with aluminum in a 1:1 [133, 134]
or 1:2 (aluminum:salicylic acid molar ratio) [134] in acidic aqueous media of pH 2. The
dealumination of the Al atoms associated with a Q4(4Al) Si site then leads to the removal
of the Q4(4Al) Si atom itself, as observed through NMR.
It is hypothesized that there are steric hindrances that prevent the salicylic acid
from attacking and removing aluminum below the zeolite crystal surfaces, and therefore,
incomplete removal of Q4(4Al) sites are noted. A similar, incomplete dealumination was
observed upon treating ZSM-5 zeolites with oxalic acid, which lead to the formation of a
tris-aluminum oxalate complex. The size of the complex makes it impossible for diffusion
inside the zeolite framework structure, which consequently leads to incomplete dissolution.
In addition, the zeolite X crystal size is >2µm as observed from SEM, so steric hindrance to
salicylic acid intrusion or outward diffusion of aluminum salicylates could be the reason to
the incomplete dissolution observed. In comparison, the zeolite A crystal size was <0.5µm,
as shown in Figure 7.9. A second hypothesis can also be proposed; protons associated with
the bridged hydroxyl bonds are strongly bound to the oxygen in the O1 and O3 positions
[128] as shown in Figure 7.10. Consequently, any Q4(4Al) Si site in those locations will also
have a difference in acidity, which could be another reason to as to why a fraction of the
Q4(4Al) sites were removed.
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(a) (b)
Figure 7.9: SEM micrograph of (a) zeolite X crystals, and (b) zeolite A crystals. Zeolites
were dispersed on a carbon film supported on a TEM grid, and imaged without any sputter
coating
Figure 7.10: Different bridging hydroxyl sites for faujasites (adapted from [128])
7.5 Conclusions
In conclusion, it was proven beyond a doubt that SAM extraction can affect
aluminosilicates. Dissolution is controlled by the presence of Q4(4Al) silicon sites. Therefore,
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the SAM extraction method could potentially be used to characterize the presence of Q4(4Al)
silicon sites in aluminosilicates. The mechanism of SAM extraction appears to involve an
acid attack by salicylic acid. Bridged hydroxyl groups associated with Q4(4Al) silicon are the
least acidic sites, owing to which the oxygen atom associated with these sites serves as a base
and binds to the proton coming from the weak salicylic acid. Subsequently, the weakened
Al-O bond is broken by the conjugate base of salicylic acid, which binds Al through chelation,
and consequently, dealumination is observed. It is hypothesized that differences in acidity
within the different bridged hydroxyl sites of zeolite X and/or steric hindrances to salicylic
acid attack and chelation led to the incomplete removal of Q4(4Al) Si in zeolite X. However,
no concrete evidence of these hypotheses are presented in this study. The results presented
demonstrate conclusively that SAM extraction cannot be used to selectively dissolve calcium
silicates from a mixture of calcium silicates and sodium aluminosilicates. On a different
note, the results from SAM extraction on zeolites indicates that zeolite A has very low acid
resistance. Hence, geopolymers with a higher proportion of zeolite A over X is expected
to have poor acid resistance. On the other hand, adding 5% SiO2 led to the formation
of zeolite X over A. Therefore, SiO2 addition not only enhances the microstructure and





The objective of this study was to characterize heterogeneous nucleation in
metakaolin-sodium hydroxide geopolymers by adding external seeding agents. Changes
in reaction rate of the metakaolin geopolymers upon adding nano TiO2, SiO2, zeolite A
and zeolite X were monitored through isothermal calorimetry. HCl dissolution was used
to quantify percentage of unreacted metakaolin in the geopolymer. These tests enabled
formulation of hypotheses regarding a nucleation step in geopolymer formation. The
hypotheses were subsequently tested on a synthesized aluminosilicate-sodium hydroxide
geopolymer. The nucleation step was characterized by modeling geopolymerization kinetics
(with and without seeds) using the Avrami equation. Subsequently, SEM-BSE was used to
measure 2-D porosity in the geopolymers to quantify changes in porosity due to seeding.
XRD measurements were taken at aged (28-70d old) samples to see if the nucleation seeds
could direct the formation of zeolites in the metakaolin geopolymers. Compressive strength
measurements were made on 1d-70d old samples to check for practical benefits of seeding.
Key conclusions derived from these studies are listed as follows:
 The presence of a nucleation step was hypothesized from the increase in rate of heat
evolution (at early age) upon the addition of seeds at dosage levels of 1%-5% wt. of
metakaolin in mix. HCl dissolution also demonstrated faster dissolution of metakaolin
upon seeding till 4h upon addition of TiO2, SiO2 and zeolite X. Only nano SiO2 seeded
mixes were observed to undergo increased metakaolin dissolution, till 24h. Both these
observations are characteristic of a nucleation step existing in geopolymer formation.
 On the basis of the above observations, it was hypothesized that zeolite X acts only
as a nucleation seed, and affects the kinetic stage controlled by nucleation of product.
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On the other hand, SiO2 is believed to react with dissolved alumina and form small
aluminosilicate species, which serve as nuclei for further growth. In addition, the
remaining SiO2 also participates in the growth of product, which means, it contributes
to both nucleation and growth of product. However, it was noted from literature that
the availability of dissolved alumina is key towards the growth of geopolymer-like,
amorphous aluminosilicates.
 Adding excessive SiO2 in activator solution leads to complete nucleation site saturation,
and the kinetics of geopolymerization become purely growth controlled. Literature on
amorphous aluminosilicate gels has proved that such growth controlled kinetics are
controlled by availability of alumina in solution. Dissolution of metakaolin is slowed
upon excess silica addition, and dissolved alumina is rapidly consumed by silica upon
release. Therefore, availability of free alumina is limited and consequently, the reaction
rate slows down.
 The synthesized aluminosilicate (AlSi), despite possessing similiar Si/Al ratio as that
of metakaolin, exhibited extremely rapid, incongruent dissolution, with silica being
released to solution preferentially over alumina. As a result, a metastable silica rich
geopolymer was observed to form along with the metakaolin-sodium hydroxide type
geopolymer product.
 The addition of nano-SiO2 was observed to slow down the reaction kinetics, which
was clearly due to the lack of dissolved alumina, required for product growth, as
hypothesized earlier. On the other hand, zeolite X slowed down reaction kinetics
drastically, but increased the proportion of MK-NaOH type geopolymer product
forming w.r.t the silica rich geopolymer, proving that the zeolite X can nucleate the
MK-NaOH geopolymer product.
 The Avrami nucleation and growth model was observed to fit early age reaction kinetics
data (upto 12h) for MK-NaOH mixes and those seeded with zeolite X and SiO2 seeds.
The combined reaction rate constant was observed to be higher for the zeolite X and
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SiO2 seeded mixes in comparison to the control mix, which added further evidence of
these additives acting as nucleation seeds.
 Porosity measurements through SEM demonstrated that seeding with 5% zeolite X
and SiO2 led to marked reduction in porosity at 1d age. A decreased porosity was
also observed at 7d age. The microstructure refinements consequently manifested as
increased compressive strength at 1d, although statistically significant improvements
were observed only for the 5% SiO2 seeded mix at 7d. 5% zeolite X seeded mix exhibited
significantly higher strength at 28d, w.r.t control.
 XRD on MK-NaOH showed that zeolite A and zeolite X is formed at the age of 28d.
Seeding was observed to retard zeolite crystallization from amorphous geopolymers.
This behavior was hypothesized to be due to the decreased porosity which offers
hindrance to structural re-arrangement. 5% SiO2 seeded mix was observed to promote
the formation of zeolite X over zeolite A, whereas the control and zeolite X seeded
mix was observed to possess more zeolite A over zeolite X. Therefore, there is some
evidence that seeds can also direct the structure of zeolite crystals derived from
geopolymers.
A secondary objective involved understanding and elucidating the mechanism of
aluminosilicate dissolution in salicylic acid-methanol solution. Synthesized zeolite A,
commerical Type 13X (zeolite X) and zeolite Y molecular sieve, along with the
metakaolin-sodium hydroxide geopolymers were the aluminosilicates tested with SAM
solution. The zeolites and geopolymers, along with the residue left from SAM dissolution
were characterized through XRD, XRD Rietveld, XRF, FTIR, 29Si MAS NMR and SEM.
Key conclusions pertaining to this objective are presented as follows:
 In contrary to literature stating aluminosilicates are immune to SAM dissolution, this
study revealed that SAM solution can dissolve low silica aluminosilicates containing
Q4(4Al) Si sites.
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 The mechanism of dissolution was concluded to be an acid attack, with the
conjugate base of weak acidic bridged hydroxyl (Si−(OH)−Al) sites serving as
the base. The acidity of these bridged hydroxyl varies with the presence of
aluminum in the next-nearest-neighbor sites, and decreases in the following trend:
Q4(1Al)>Q4(2Al)>Q4(3Al)>Q4(4Al). The Si sites referred to in the Q notation are
the Si atoms connected to the bridged hydroxyl groups. Since salicylic acid is weak,
only Q4(4Al) sites are selectively attacked. The other acidic sites are hypothesized to
be stronger than salicylic acid and therefore, do not react with salicylic acid.
 Chelation of aluminum by salicylic acid led to dealumination in the zeolites and
geopolymers. The removal of aluminum was also accompanied by loss of the attached
Q4(4Al) silicon.
 The SAM dissolution does not selectively remove calcium silicate hydrates from a
mixture of calcium silicate hydrates and sodium aluminosilicates, and the latter phases
also dissolve in SAM solution. Therefore, the technique should not be used for selective
dissolution in any future studies.
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Appendix A
Micro-reactors in synthesized aluminosilicate
The synthesized aluminosilicate in Chapter 5 has been utilized in an attempt to
use the micro-reactor approach described by [91, 92]. The synthesized was necessary since
metakaolin is known to be unsuitable for generating micro-reactors [135]. Metakaolin
particles are extremely fine, with an median particle size of around 3µm. The particles
are soft and flocculate easily; therefore it is hard to obtain single metakaolin particles. Post
epoxy-impregnation, metakaolin particles can be removed through the polishing process
[20]. Therefore, a controlled aluminosilicate with a larger particle size is required for the
micro-reactors, and the synthesis of such an aluminosilicate has been described in literature
[93]. The aluminosilicate can be synthesized with a Si/Al ratio of 1.0, which is similar to
the metakaolin used in this study. The synthesis process for the material involves calcining
at 550◦C to obtain a hard mass, which is subsequently ground to a desired particle size.
Therefore, the particles generated from this process can be tailored to a particular size, and
are hard, which makes it suitable for use in the micro-reactor preparation procedure.
Micro-reactors are prepared by follows. Multiple single particles, around 250-500µm
in size, were placed on a silicone embedding mold (SPI Supplies) and an ultra-low viscosity
resin (LR White) was used to impregnate the particles. The samples were impregnated by
placing the submerged samples in a vacuum oven (vacuum pressure ≈28in Hg) for 18-24h.
Subsequently, vacuum pressure was released and the oven set to 60◦C for 24h. The resulting
sample is shown in Figure A.1.
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Figure A.1: Embedded single aluminosilicate particles; scale inset is in centimeters
The samples were subsequently polished lightly using 1000 grit SiC paper (for 30-60
seconds) to expose a surface of the aluminosilicate. Subsequently, 1200 grit SiC paper and
1µm diamond paste (on TexMet C cloth) was used to fine polish the surface. The resulting
polished particles are shown in Figure A.2.
Figure A.2: Polished, resin impregnated aluminosilicate particles; small cracks from
polishing and/or poor impregnation were observed (highlighted with circles)
A focussed ion beam SEM (Scios 2, FEI, United States) was used to mill microreactors
5µm×1µm×1µm in size. Ga ion beam was used, with a beam voltage of 30kV and beam
current of 0.1nA. Each micro-reactor was milled in 2-3mins at these settings. Prior to
milling, the surface of the embedded samples were sputter coated (Emitech K575, Quorum
Technologies, United Kingdom) with a 30nm layer of Au-Pd. Resulting micro-reactor
is shown in Figure A.3. Three micro-reactors were prepared on each particle to ensure
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repeatability of any observations reported.
Figure A.3: FIB milled micro-reactors on a synthesized aluminosilicate particle
Subsequently, the micro-reactors were immersed in 1M NaOH solution for 2h, 24h and
48h. 2g SiO2 was dispersed in 100ml of 1M NaOH solution, to observe the effect of nano-silica
on the micro-reactors. The samples were immersed in 15ml of NaOH solution taken in a
50ml centrifuge vial, and a low vacuum pressure (4-5in Hg) was applied to introduce the
solution into the milled gaps. Subsequently, the centrifuge vials were sealed off and stored
at room temperature for the desired time. It should be noted that Suraneni and Flatt
used around 1.0±0.2ml of solution for carrying out the experiments. Such a step was not
possible because the sodium hydroxide sample either evaporates under ambient conditions,
or carbonates heavily if stored at 100% RH. A SEM micrograph of this issue is shown in
Figure A.4. Keeping the samples submerged and sealed ensures that there is minimal loss
of solution through evaporation and negligible carbonation.
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Figure A.4: Micro-reactor after 24h exposure to 200µl 1M NaOH solution, maintained at
100% RH
To stop the reaction, the sample was taken out of NaOH solution, and immersed in
50ml of 1:1 acetone-methanol solution (by volume) for 2h. Subsequently, the sample was
removed and dried under vacuum (20in Hg vacuum pressure). Micro-reactor exposed to 1M
NaOH for 2h is shown in Figure A.5, and is the only sample that did not exhibit any issues.
Clear dissolution by pit formation is observed in the micrograph. This was the only set
of data that had conclusive findings, and other measurements were plagued by two major
issues, as explained in the following paragraphs.
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Figure A.5: Micro-reactor after 2h exposure to 1M NaOH solution
Micro-reactor exposed to NaOH solution with SiO2 for 2h is shown in Figure A.6.
The micrograph shows that the Au-Pd layer has shifted and is now partially covering the
milled gap, therefore obstructing the view of the reactor bottom. Despite the obstruction,
it appears that the presence of silica in solution accelerated the dissolution of the reactor
base, with a small fissure around 3µm long being observable. Small pits are also observed
although the features are not well resolved. The evidence is not conclusive since no other
intact micro-reactors were obtained; other reactors had the issue with shifting Au-Pd layers.
The reason for the shifting Au-Pd layer is due to exposure of the sample to
acetone-methanol. LR White resins weakens in acetone-methanol, and has a tendency to
warp. Consequently, the Au-Pd layer shifts, and prevents clear imaging of the micro-reactors.
An image of a sample exposed to 24h of acetone-methanol is shown in Figure A.7, and
considerable damage can be visually observed due to the exposure to solvent. One way to
address this issue would be to carry out solvent exchange in iso-propanol, which was observed
to leave LR White intact.
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Figure A.6: Micro-reactor after 2h exposure to 1M NaOH solution containing SiO2
Figure A.7: LR White after 24h exposure to acetone-methanol
The second issue arose from the nature of synthesized aluminosilicate particles. In
Chapter 6, it was reported that the aluminosilicate reacts extremely rapidly with NaOH
solution. Consequently, it was observed that the embedded partices, despite having the 30nm
Au-Pd layers get destroyed completely when imaged at 24h. Two examples of this behavior
is shown in FigureA.8. Figure A.8a shows that the aluminosilicate particle disintegrates after
24h and micro-reactors can no longer be imaged. It is believed that the small gaps in the
138
sample (Figure A.2) lead to NaOH intrusion and reaction inside the sample. Consequently,
dissolution and product formation leads to the destruction that is evident in Figure A.8a.
On the other hand, Figure A.8b exhibits some kind of product formation on the top of the
aluminosilicate particle in the presence of SiO2, which could either be geopolymer product
or carbonation. Nothing conclusive could be obtained from these micrographs, and in either
case, micro-reactors could not be imaged. Therefore, it appears that the reactive nature of
the aluminosilicate makes it unsuitable for the micro-reactor experiments described in this
appendix.
(a) (b)
Figure A.8: Micrographs of aluminosilicate particle (a) after 24h exposure to 1M NaOH




Rietveld refinement was carried out using TOPAS, Version 5 from Bruker AXS.
Type 13X molecular sieve or zeolite X was refined to understand the effects of salicylic
acid-methanol (SAM) on the unit cell structure. The same procedure was applied to the
synthesized semi-crystalline zeolite X (described in Chapter 3) to quantify amorphous phase
percentage within the zeolite X.
For the refinements, two Cu-Kα peak wavelengths were considered within incident
radiation, with wavelengths of 1.540596Å and 1.544493Å. Lorentzian peak shape was
considered for the incident radiation, with half-widths of 0.501844 and 0.626579Å for the
peaks respectively. No refinement was carried out on these parameters. Background fitting
was carried out using a Chebychev least-squares-fit algorithm. Goniometer radius was
adjusted to the one on the instrument. Background fit results are displayed in Figure B.1.
Figure B.1: Background fit obtained on zeolite X used for studying SAM dissolution
Upon obtaining the background, correction for sample displacement from holder was
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set to be refined since there is some likelihood of the sample surface not being flush with
the surface of the single crystal holder used. The structure to be refined was taken from the
powder diffraction file (PDF) identified by MDI-JADE after the phase-match process. A
hydrated, sodium exchanged Zeolite X with PDF #97-006-5500 was identified as the closest
structure to the powder sample. Crystallographic information file associated with the PDF
was obtained from Inorganic Crystal Structure Database (ICSD) for Rietveld refinement.
Space group associated with the crystal structure is Fd-3Z (No. 203).
Within the crystal structure, the lattice parameter, crystal size and intensity scale
were set to be refined. The lattice parameter had a value of 25.031Å before refinement. A
fundamental parameters approach, in-built within TOPAS was used for fitting peaks in the
pattern. A pseudo-Voigt profile was also used but the fit quality did not change. Refining
these parameters alone did not lead to a good fit, with discrepancies in peak intensities.
Subsequently. the atomic coordinates and occupancy values were refined. The crystal
structure had two unique silicon sites and one aluminum site which was shared with one
of the silicon sites. The occupancy of the latter site, for silicon and aluminum separately
could not be estimated since there is a difference of one electron between the two elements
and leading to small changes in x-ray scattering. Fit was thus carried out by removing
the aluminum site from the structure. One of the sodium sites was a special site, and was
not refined. Other sites were refined as per rules laid out in the international tables of
crystallography. An isotropic temperature factor in the refinement, Beq was approximated
to a fixed value of 1.5 (assuming bond lengths of 2.25Å). The pattern was subsequently
simulated by setting the Na occupancies to zero, in Figure 7.3.
The temperature factor was fixed since it does not affect the fit significantly. The
insensitivity of the temperature factor towards the diffraction pattern arises due to the large
number of atomic positions in the unit cell (1534 atoms). The temperature factor leads
to intensity discrepancies however, the occupancy factor outweighs the effect of the thermal
atomic vibrations. A small decrease in occupancy is leads to a large loss of atoms (and hence
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electrons, which scatter x-rays) leading to larger changes in intensity values. This point is
made clear by varying Beq values in the refined structure and plotting the Rwp values, which
characterizes the goodness-of-fit in TOPAS [136]. The fit quality barely changed, and was
reflected in the small change in Rwp values, illustrated in Figure B.2.
Figure B.2: Effect of changing isotropic temperature factor (Beq) on fit quality, represented
by Rwp
The first peak in the refined fit of zeolite X had issues with peak shape but could not
be corrected through the means present in TOPAS. Apart from that, fit was seen to be good
across the other 2θ values. The chemical plausibility of the refined structure is discussed
further. Lattice parameter had reduced slightly, to 24.951Å after the refinement. Some of
the atomic coordinates have shifted by less than 0.05Å. XRF data in Table 7.1 measured the
atomic fraction of Si+Al
Na
to be 2.52. In the Rietveld refinement, due to the exclusion of the
aluminum site, the ratio of silicon to sodium atoms is the same as Si+Al
Na
; and the former value
comes out to be 2.51. Given the close match to experimentally measured stochiometry, small
changes in lattice parameters and atomic coordinates, the structure can be considered to be
chemically plausible. Since a good fit was obtained and the refined structure is chemically




Chapter 6 described the various issues concerning accuracy of porosity measurements
as obtained by image analysis of SEM-BSE micrographs. Therefore, alternate porosity
measurements were carried out, in an attempt to verify the accuracy of porosity measured
through SEM imaging. The alternate method involves measurements of the bulk specific
gravity (B) and absolute specific gravity (G). Bulk specific gravity is essentially the ratio
of the mass of sample to the volume of sample (inclusive of pore volume and air voids).
Absolute specific gravity is the ratio of mass of sample to the volume of solids present within
the sample. Porosity of the sample is calculated by the Equation C.1.
Porosity = (1− B
G
)× 100 (C.1)
Bulk specific gravity was measured by procedures laid out by ASTM C914, which
involves coating the sample with wax of known density. Mass of the wax can be measured
by weighing the sample before and after the coating. Subsequently, the volume of wax can
be calculated by using its density. Total volume of the wax coated sample can be obtained
by Archimedes principle, with the sample being immersed in methanol. Water is not used
since the bulk density of the sample is less than 1, and therefore the wax-coated sample
floats on water. Without the wax coating, methanol will always impregnate the sample and
lead to inaccurate measurements of bulk density.
Absolute volume (or volume of solids) was measured by a gas (Helium) displacement
pycnometer (AccuPyc 1330, Micromeritics), which relies on Boyle’s law of ideal gases (PV
= constant; P - pressure, V - volume) for absolute volume measurements. This value was
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used in conjunction with mass of the sample to yield absolute specific gravity.
Two different cylindrical samples, one with 0.5” dia, and 1” length and one with
0.25” dia and 0.75” lenght were used to perform the porosity measurements. PMMA molds
were utilized for preparing these specimens. Samples were demolded after 24h and were
maintained under sealed conditions before and after demolding. At the testing age, the
samples were submerged in acetone-methanol (1:1 by volume) for 24h at moderate vacuum
(20in Hg vacuum pressure). This step was followed by 30s of ultrasonication in fresh solvent
to get rid of any loose particles adhering to the sample. This cycle of submerging in
acetone-methanol and ultrasonication was repeated again. Subsequently, the samples were
dried under vacuum for 24h, and then used for porosity measurements. However, there are
two issues which leads to questionable porosity measurements, and they are described as
follows.
The first issue is linked to the presence of air voids inside the sample. Metakaolin
geopolymers of the composition used are exceedingly sticky, and it is very hard to remove
entrapped air. Methods of consolidation used were: i) Tamping the sample with a
micro-pipette while it is being vibrated and ii) subjecting the sample to vacuum (at 28in
Hg vacuum pressure). Both these methods have inherent drawbacks. Severe leakage was
observed when the samples were compacted by using the vibrating table. On the other
hand, the exposure to vacuum leads to a loss of moisture from the surface, and the often
the sample spills out of the mold while being kept under vacuum. Nevertheless, the vacuum
was probably the only way to ensure that there are no air voids in the sample, and was used
for the measurements reported in this appendix. Bulk specific gravity measurements for two
MK-NaOH-5%zeolite X samples at 1d age came out to be 0.886±0.01. Specific gravity for
all samples range from 2-2.15. Therefore, porosity comes out to be in the range of 55-60%,
compared to 30% reported from SEM image analysis. The reason behind this discrepancy
remains unexplained, and further porosity measurements were not made.
The second issue is associated with the absolute specific gravity measurements derived
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from the pycnometer. The samples can be used in the cylinder form as is, or can be crushed
into a powder and then placed into the pycnometer. Values taken from both measurements
do not fall on the line of equality, instead, the crushed absolute specific gravity always come
out to be lesser than the specific gravity of the whole cylinder as shown in Figure C.1. The
purpose of crushing is to ensure that the pores in the sample are open to helium intrusion,
and therefore, absolute volume reported for the powdered sample should be lesser than that
of the whole cylinder. Therefore, the specific gravity should be more for the powdered sample
instead of lesser, as observed from Figure C.1. One possible reason is that the crushing action
could have led to the loss of water, which resulted in the decrease in volume of solids.
Figure C.1: Specific gravity of cylindrical sample vs. powder obtained by crushing the
sample
Owing to these two issues, complete testing was not carried out on all the samples.
Porosity from SEM image analysis appeared to be close to porosity values reported for similar
metakaolin-sodium hydroxide mixes in literature. Therefore, it appears that there is some
source of error in the alternate porosity measurements reported in this appendix.
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Appendix D
Ultrasonic wave reflection measurements
Ultrasonic shear wave reflection (UWR) measurements were carried out to
characterize any changes in hardening rate upon seeding in MK-NaOH geopolymers. The
ultrasonic wave reflection technique is a setup developed in our laboratory based on the
work carried out by Öztuürk et al [138]. The setup utilized a 2.25MHz contact type, s-wave
transducer connected to a pulser-receiver unit (P5077, Panametrics). The pulser-receiver was
interfaced with a PC through a PCI-digitizer (NI5102, National Instruments). Geopolymer
paste was poured in a high impact polystyrene (HIPS) container, with the transducer fixed
to the bottom of the container by phenyl salicylate (which also acts as the couplant). The
s-wave reflection coefficient at the interface between the paste and HIPS was monitored
with time, to understand rate of hardening in the geopolymer paste. A description of the
setup and its use in characterizing hardening rate in alkali-activated binders is presented
elsewhere[24, 86, 139, 140]. However, UWR measurements for hardening rate yielded
unexpected results. This appendix presents a description of these results and a probable
cause behind the observations.
The working of the setup was verified by running s-wave UWR measurements on
cement paste with w/c ratio of 0.44, shown in Figure D.1. The repeatability of the UWR
measurements were observed to be of the same order as reported by Chung [141]. The
induction period, as measured through isothermal calorimetry was also found to correlate
well with the UWR data (shown in Figure D.2). Therefore, it is clear that the setup is in
good working order, and issues from the measurement (if any) must be stemming from the
sample being used.
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Figure D.1: Repeat measurements of cement paste (w/c = 0.44) hardening, using s-wave
UWR
Figure D.2: UWR and isothermal calorimetry data of cement paste (w/c = 0.44) at 22◦C.
The end of the induction period through UWR correlates well with the end of induction
period as measured by isothermal calorimetry (indicated through the vertical dashed line)
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Eight repeats of s-wave UWR measurements were performed on MK-NaOH
geopolymers, as shown in Figure D.3. Reflectance coefficient of the interface between
paste and HIPS container was monitored with time. One major issue with the dataset
is the absolute lack of repeatability of any sort in the data. Another issue stems from the
increase in s-wave reflectance coefficient between 0.5-1.0 hours, and the subsequent decrease
of the reflectance coefficient. Hardening of binder leads to more and more s-waves entering
the sample from HIPS container. Therefore, the reflectance coefficient should decrease
throughout. In some cases, an abrupt increase in s-wave reflectance coefficient is reported,
but this phenomenon is associated with debonding of paste from the HIPS container [24]. If
the paste had debonded, then subsequent decrease in reflectance coefficient would not have
been observed.
Figure D.3: s-wave UWR measurements of MK-NaOH geopolymer at 22◦C
The probable reason behind this observation is hypothesized as follows. MK-NaOH
geopolymerization consists of dissolution of precursor, followed by growth through
polycondensation reactions. Dissoution consumes water, while polycondensation releases
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water [29], and this has been proved by separate studies using EPR [54] and NMR
spectroscopy [29]. It is believed that this release of water probably interrupts the interface
between the HIPS and geopolymer paste, and therefore, the UWR data collection is
disturbed. As dissolution predominates at early age, the UWR data appears to be repeatable
till ≈0.5h but as polycondensation processes start dominating, the signal gets disturbed.
Interestingly, water release was observable by NMR spectroscopy after 30-60 minutes from
mixing for metakaolin-sodium hydroxide geopolymers [29]. This observation strengthens the
hypothesis of water release being the disruptive phenomenon in UWR measurements.
Further proof behind the hypothesis is obtained by UWR measurements carried out
with the s-wave transducer placed on the side of the HIPS container (shown in Figure D.4).
A slight decrease in reflectance coefficient is observed till 30 minutes, following which no
changes are observed at the interface. This shows that there is no contact with between the
HIPS and the paste interface. When the transducer is placed at the bottom of the HIPS
container, gravity can still ensure some transmission of ultrasonic waves into the sample, in
the event that the interface is disturbed by water release. However, with the side interface,
there is no chance of such gravity assisting in re-bonding of the paste-HIPS buffer interface.
Therefore, debonding is observed. Further proof can also be drawn by placing two s-wave
transducers on the same HIPS container for measuring two simultaneous UWR measurements
on geopolymer paste. It is expected that the two locations will have different curves since
the influence of water release on the interface between paste and HIPS is not going to be a
spatially homogeneous process.
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Figure D.4: s-wave UWR measurement of MK-NaOH geopolymer at the HIPS-geopolymer
paste side interface, instead of the bottom measurements as shown earlier in Figures D.1
and D.3
Despite this explanation, questions maybe raised to as to how were UWR
measurements carried out on the metakaolin geopolymers as reported by Chen et al [86].
The metakaolin geopolymer used had excessive soluble silica in the mix, which has been
observed to slow down growth [38]. Experimentally, rate of heat release attributed to
polycondensation is also observed to be very low (shown in Figure 4.3). Therefore, the rate
of water release through polycondensation is expected to be very low (assuming that the rate
of heat release is representative of polycondensation rate), owing to which the paste-HIPS
interface is undisturbed. Consequently, no issues are observed during UWR measurements
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